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SUMMARY 
Current developments in the field of electronics and in the area of bioimaging 
have boosted interest in the development of next-generation functional dyes. A 
recent rising interest is the design and synthesis of so-called near infrared (NIR) 
dyes which are required for various advanced technologies. Many commercially 
available NIR dyes such as cyanine and polyene dyes suffer from inherent 
drawbacks due to their insufficient photostability. Additionally, some NIR 
dyes/pigments also suffer from poor solubility for practical applications. Thus, the 
purpose of this thesis was to design and synthesize soluble and stable NIR dyes. 
In this dissertation, polycyclic aromatic compounds (perylene, porphyrin and 
BODIPY units) have been utilized and two strategies (“push-pull”, core extension) 
have been adopted to synthesize numerous π-extended molecules with varied 
physical and optical properties. All the new compounds synthesized in this thesis 
were structurally verified by different spectroscopic methods. Throughout the 
research work, solubility and stability problems have been resolved for theses 
highly conjugated systems after state-of-art design and modifications. The 
fundamental structure-property relationships were systematically investigated and 
experimental experiences were accumulated. Furthermore, preliminary 
examination of applications of our NIR dyes was conducted, which may pave the 
way for a broad range of applications in future.  
Therefore, it is inevitable that more and more soluble and stable NIR dyes 
based on polycyclic aromatic compounds will be synthesized in our group in the 
  viii
future and these newly developed compounds will play important roles in 
materials science, including solar cells, bio-imaging, sensor, and so on. 
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Chapter 1 Introduction 
 
1.1 Introduction  
Dye chemistry is believed to be one of the most explored areas in industrial 
organic chemistry. Current developments in the field of electronics and in the area 
of bioimaging have boosted interest in the development of next-generation 
functional dyes. A recent rising interest is the design and synthesis of so-called 
near infrared (NIR) dyes1 which function (absorption and/or emission) in the NIR 
spectral region ranging from 700 nm to 2000 nm owing to their diverse 
applications. For instance, for practical applications such as solar cells, the 
materials should have good light harvesting capability not only at UV-Vis spectral 
range, but also at the NIR range given that sunlight possesses 50% of its radiation 
energy in infrared region. On the other hand, biological samples have low 
background fluorescence signals, and a concomitant high signal to noise ratio in 
the NIR region. Moreover, NIR light can penetrate into sample matrices deeply 
due to low light scattering. Thus, NIR dyes are required for various advanced 
technologies, including high-contrast bio-imaging,2 optical recording,3 NIR laser 
filter,4 NIR photography,5 solar cells,6 and optical limiting at telecommunication 
wavelength.7 Up to now, very comprehensive range of common NIR compounds 
(e.g. cyanines, polyenes, rare earth compounds, quantum dots) has been known, 
some of which have even been commercialized. However, many commercially 
available NIR dyes such as cyanine and polyene dyes suffer from inherent 
  2
drawbacks due to their insufficient photostability.8 Additionally, some NIR 
dyes/pigments also suffer from poor solubility for practical applications. To 
circumvent such issues, design and synthesis of soluble and stable organic NIR 
dyes are highly desirable for organic chemists.  
Apart from commercialized dyes, another extraordinary class of compounds, 
named polycyclic aromatic compounds such as polycyclic aromatic hydrocarbons 
(PAHs, also known as nanographenes), porphyrins, and BODIPY 
(4,4-difluoro-4-bora-3a,4a-diaza-s-indacene), are of great interest due to their 
particular electronic and self-assembling properties, which can be exploited in 
organic electronic devices such as field-effect transistors and solar cells.9 
Compared with traditional cyanine and polyene dyes, polycyclic aromatics usually 
exhibit excellent chemical stability and photostability. In addition, polycyclic 
aromatics hold the advantages such as low toxicity and ease of functional and 
structural tunability over quantum dots. Therefore, polycyclic aromatics appear to 
be promising candidates for NIR dyes. However, most polycyclic aromatics are 
only capable of capturing the UV or visible light. Promotion of their absorptions 
into NIR region can normally be achieved by extension of the π-conjugation or by 
construction of push-pull motif or in rare cases by quinoidization. All the three 
methods will definitely lower the HOMO-LUMO band gaps of the molecules and 
lead to bathochromic shift of their absorption and emission bands. Another 
troublesome issue for polycyclic aromatics (in particular, PAH) is their poor 
solubility and this problem becomes more and more serious upon an increase of 
  3
the π-conjugation and the molecular size. In most cases, in order to resolve the 
solubility problem, the attachment of long alkyl chains and/or induced distortion 
from planarity of the aromatic core is highly desirable. 
 
1.2 Literature review 
1.2.1 Rylene derivatives 
In pursuit of stable dyes with high extinction coefficients and 
long-wavelength absorption/emission, rylenes have received a great deal of 
attention. Rylenes are large polycyclic aromatic hydrocarbons in which two or 
more naphthalene units are peri-fused together by single bonds. Only one 
aromatic sextet benzenoid ring can be drawn for each naphthalene units and two 
zig-zag edges exist at the terminal naphthalene units (Figure 1.1).  
1-1a n = 0, Perylene
1-1b n = 1, Terrylene
1-1c n = 2, Quaterrylene
1-1d n = 3, Pentarylene
1-1e n = 4, Hexarylenen n
 
Figure 1.1 A general structure of rylene molecules. 
 
Perylene 1-1a, the first member of the perylene series (n = 0), has been 
intensively studied due to its outstanding chemical, thermal and photochemical 
inertness, its nontoxicity and low cost.10 Extension of the conjugation length along 
the long molecular axis of perylene by incorporation of additional naphthylene 
units to form its higher homologue has proven to be an effective method to obtain 
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long wavelength absorbing rylene dyes. For example, terrylene 1-1b (n = 1)11 and 
quaterrylene 1-1c12 absorb in the visible region with absorption maxima at 560 nm 
and 662 nm, respectively. In search of mild conditions to synthesize higher rylenes, 
a variety of intramolecular cyclodehydrogenation methods have been developed. 
These include oxidative cyclodehydrogenation using FeCl3, or a combination of 
CuCl2-AlCl3 as Lewis acid as well as oxidant, and reductive 
cyclodehydrogenation via anion radical mechanism promoted by base. A typical 
example involving both processes is the synthesis of a quaterrrylene derivative 1-4 
(Scheme 1.1). Singly linked precursor 1-2 successively underwent reductive 
cyclodehydrogenation to generate partially cyclized intermediate 1-3 and 
subsequent oxidative cyclodehydrogenation to give final quaterrrylene 1-4.13 Four 
tert-butyl groups were designed to resolve the solubility problem resulting from 
the strong tendency of this ladder-type molecule to form aggregates. 
K/DME CuCl2-AlCl3
1-2 1-3 1-4
Scheme 1.1 Synthesis of quarterrrylene derivative 1-4. 
 
     Since higher order rylenes are electron-rich π-systems and are relatively 
unstable upon exposure to air, electron-withdrawing groups such as dicarboxylic 
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imide are introduced to the reactive peri-positions to improve their chemical and 
photostability. The rylene bis(dicarboximde)s 1-5a-f (Figure 1.2) were found to be 
more stable than the unmodified rylenes and additional bathochromic shift in 
absorption was observed due to intramolecular donor-acceptor interaction. The 
presence of imide moiety also provided opportunities to introduce bulky groups 
for the purpose of increasing solubility by suppressing aggregation in solution. 
Furthermore, a more increased solubility can be achieved in the case of 
bay-brominated rylene imide by the means of nucleophilic substitution with bulky 
phenoxy groups. The increase in solubility makes the preparation of higher rylene 
bisimides, namely terrylene bisimide,14 quaterrylene bisimide,15 pentarylene 
bisimide, hexarylene bisimide,16 practically possible. In common with rylenes, 
extension of the conjugation length along the long molecular axis of rylene imide 
to form higher homologues not only promotes their absorption into longer spectral 
region but also significantly enhances their extinction coefficients. The major 
challenge for the synthesis of rylene imide is the intramolecular ring cyclization of 
the singly linked precursor, which usually can be prepared by transition 
metal-catalyzed intermolecular coupling reactions (e.g. Suzuki, Yamamoto 
couplings) between appropriate building blocks. Different cyclodehydrogenation 
methods are then required to promote cyclization depending on the electronic 
properties of respective units in the singly linked precursor. Substitution by bulky 
phenoxy groups at the bay positions effectively improves solubility and 
processability of the higher rylene dyes and also results in a moderate 
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bathochromic shift of their absorption spectra.  
n
1-5a n = 0
1-5b n = 1
1-5c n = 2
1-5d n = 3











Figure 1.2 Structure of rylene bis(dicarboximide)s. 
 
According to the calculations by Nagao et al.17 and Sun et al.18, when the 
π-conjugation is extended along the long molecular axis of perylene to its higher 
homologs, such as quaterrylene, pentarylene, hexarylene, the observed absorption 
maximum of their main-band is largely shifted to a longer wavelength in the NIR 
region by narrowing of the HOMO-LUMO gap, and extinction coefficient also 
significantly increases. Noteworthy is that the obtained experimental results 
agreed well with their prediction until now. Nevertheless, framework expansion 
along the molecular short axis is very challenging given the difficulties in 
methodology. In 1995, Désilets et al. found a facile synthetic approach toward 7, 
8, 15, 16-dibenzo[a, j] perylenetetracarboxylic diimide 1-7a to 1-7d.19 As shown 
in Scheme 1.2, treatment of 1-6a to 1-6d with molten KOH followed by an air 
oxidation afforded the fused compounds 1-7a to 1-7d in low yields, which 
exhibited absorption maxima as long as 701-704 nm with extinction coefficients 
around 35300 M-1 cm-1. A solution of 1-7a in sulfuric acid showed pronounced 
bathochromic band at 867 nm. Following the same method, bis(benzimidazole) 
derivative 1-10 was prepared and its absorption maximum shifted toward the NIR 
region at 785 nm. Both 1-7 and 1-10 suffered from inevitable drawbacks due to 
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the low yield and the presence of a small amount of cis-isomers, which can not be 




























Scheme 1.2 Synthesis of dibenzoperylene derivatives. 
 
The fully framework expansion along the molecular short axis has never been 
truly achieved until a recent report from our group in which we described the 
successful synthesis of a novel laterally expanded rylene molecule, that is 
bisanthene bis(dicarboxylic imide) 1-13 (Scheme 1.3).20 Dye 1-13 was well 
soluble in common organic solvents and its absorption maximum appeared at 830 
nm. A remarkable bathochromic shift of 300 nm in comparison with perylene 
bis(dicarboximide) was observed and the relatively low extinction coefficient was 
measured as 15000 M-1 cm-1, both of which are consistent with the theoretical 
calculation by Nagao et al. and Sun et al..17,18 Compared with its parent 
bisanthene that has proven to be very unstable under ambient air and light 
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condition,21 electron-withdrawing bis(dicarboximide) substituted 1-13 displayed 
good stability and no significant change could be observed as a solution of 1-13 is 














Scheme 1.3 Synthesis of bisanthene bis(dicarboximide). 
 
The poor stability of bisanthene is ascribed to its high HOMO energy level, 
which allows the addition reaction with singlet oxygen at the active 
meso-positions to occur. Therefore, lowering of the HOMO level may lead to 
stable bisanthene derivatives, which probably also are potential NIR dyes. Besides 
attachment of two electron-withdrawing dicarboxylic imide groups at the zig-zag 
edges of the bisanthene, substitution at the active meso-positions of the bisanthene 
with either aryl or alkyne group is another choice so as to not only stabilize active 
bisanthene core but also cause an additional bathochromic shift to NIR spectral 
region. Based on these considerations, our group synthesized three 
meso-substituted bisanthenes 1-14a to 1-14c (Figure 1.3).22 Owing to extended 
π-conjugation of the bisanthene core through the aryl and triisopropylsilylethynyl 
moieties, the absorption maxima of 1-14a to 1-14c in toluene were situated at 687 
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(ε = 38400 M-1 cm-1), 683 (ε = 45100 M-1 cm-1), and 727 (ε = 55700 M-1 cm-1) nm, 
respectively, all of which more or less shift to longer wavelength. In addition, 
solutions of 1-14a to 1-14c are stable for a week under ambient conditions, 
showing higher stability than their parent bisanthene. A point that should be noted 
is the excellent photoluminescence quantum yields of 1-14a to 1-14c which were 








Figure 1.3 Meso-substituted bisanthenes. 
 
Instead of extension of the conjugation length along either the long or short 
molecular axis, Langhals et al. synthesized novel dyes having both 
electron-donating and electron-withdrawing groups and constructed a push-pull 
motif, which is also expected to lead to pronounced bathochromic shift.23 The 
combination of “push-pull” effect facilitates intramolecular charge separation and 
the neighbouring donor groups involved α-effect which amplifies the electron 
donor effect, as results, both 1-15 and 1-16 possess the ability to capture NIR light, 
with their absorption maxima at 692 and 778 nm, respectively. These two 
compounds also exhibited strong fluorescence in the NIR region, with emission 
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Figure 1.4 Structures of “push-pull” perylene diimides. 
 
The combination of a core-extension with a push-pull effect also allows for 
the preparation of new rylene NIR dyes 1-19a and 1-19b with NIR absorption 
(Scheme 1.4).24 The dyes 1-19a and 1-19b exhibited high thermal stability > 
400 °C and their solutions in 1,2,4-trichlorobenzene remained unchanged after a 
week even upon UV irradiation. According to their UV spectra, these two dyes 
show very broad and structureless absorption bands, with wavelengths at 778 nm 
(ε = 15900 M-1 cm-1) for 1-19a and 1106 nm (ε = 37500 M-1 cm-1) for 1-19b, 
which are caused by charge-transfer transition. In contrast, the low wavelength 
bands, with wavelengths at 440 nm (ε = 15800 M-1 cm-1) for 1-19a and 618 nm (ε 
= 49500 M-1 cm-1) for 1-19b, have the typical fine structures of 
rylenedicarboximides. 
 





































Scheme 1.4 “Push-pull” rylene dyes.  
 
   Generally speaking, band gap of quinoidal π-conjugated systems is lower than 
that of their parent aromatic analogues. From this point of view, quinoidization of 
PAHs thus may be a feasible option for obtaining compounds with longer 
wavelength absorption. As a rare case of soluble and stable PAHs with quinoidal 
character, quinoidal bisanthene was recently reported by our group (Figure 1.5).25 
Solution of 1-20 in DCM displayed well-resolved absorption bands between 500 
and 800 nm with the absorption maximum at 690 nm and is very stable at ambient 
upon exposure to 4 W UV lamp for several days. Interestingly, quinoidal 
bisanthene 1-20, showing good electrochemical amphotericity with four reversible 
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one-electron transfer steps, can both be oxidized by oxidant and be reduced by 




Figure 1.5 Structure of quinoidal bisanthene. 
 
   By combining the three known strategies, i.e., core-extension, push–pull motif 
and quinoidization, amino-substituted rylene dicarboximides and their quinoidal 
compounds have been synthesized.26 Due to the so-called push-pull effect, the 
amino-substituted rylene imides 1-21a, 1-21b, 1-22 and 1-23 displayed 
bathochromic shift of their absorption spectra (16-86 nm), with absorption 
maxima at 550 (ε = 34800 M-1 cm-1), 596 (ε = 35200 M-1 cm-1), 668 (ε = 41900 
M-1 cm-1) and 751 (ε = 51200 M-1 cm-1) nm, respectively. As the conjugation 
length increases, the push–pull effect decreases. More importantly, the formation 
of quinoidal structures 1-28 to 1-30 further shifted the absorption bands to longer 
wavelengths, showing NIR absorptions at 826 (ε = 90400 M-1 cm-1) nm for 1-28, 
1008 (ε = 132200 M-1 cm-1) nm for 1-29, and 1186 (ε = 65100 M-1 cm-1) nm for 
1-30. Moreover, the strong electron-withdrawing nitrile group is responsible for a 
higher extinction coefficient as well as an additional bathochromic shift of 46 nm 
for 1-28a compared to 1-28b. Owing to the strong electron-withdrawing imide 
group, which delocalizes the negative charge when quinoidization takes place, no 
nucleophilic attack of the imide group in 1-28b could be observed and the solution 
  13

















































Scheme 1.5 Structures of rylene monoimide and their quinoidal species 
 
1.2.2 Porphyrin-based Molecules 
   Porphyrin (Figure 1.6) has very strong absorption in the 400-450 nm region 
called Soret band and weak absorption in the 500-700 nm region named Q band, 
both of which correspond to π–π* transitions. The elongation of π-conjugation and 
loss of symmetry are believed to be effective ways to broad and bathochromically 
shift the absorption bands, and enhance Q band intensity by splitting in the π and 
π* levels and reducing the HOMO–LUMO gap. Therefore, in order to achieve 
NIR absorption, numerous efforts have been devoted to the design and synthesis 
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of π-extended porphyrins with low symmetry, including fused porphyrin arrays 
and aromatic ring-fused porphyrins. Due to their rigid shape and conjugated 
electronic system, fused porphyrin arrays have been widely investigated by 
Osuka’s group. Noteworthy is that fused porphyrin arrays not only exhibit NIR 
absorption, but also display surprisingly huge two-photon absorption (TPA) 
cross-sections. Therefore, porphyrin appears to be the most efficient core for 
obtaining high TPA cross-section values and these arrays thus are considered to 












(2, 3, 7, 8, 12, 13, 17, 18)
α-positions
(1, 4, 6, 9, 11, 14)
meso-positions
(5, 10, 15, 20)
 
Figure 1.6 Structure and nomenclature of porphyrin 
 
Osuka’s group first reported a facile method to doubly meso-β-linked 
diporphyrins 1-31a and 1-31b by oxidation of 5,10,15-triaryl-substituted Ni and 
Pd porphyrins using  tris(4-bromophenyl) aminium hexachloroantimonate 
(BAHA).28 The doubly meso-β-linked diporphyrins 1-31a and 1-31b had 
red-shifted absorption spectra with four bands at 417, 501, 538, and 756 nm with 
similar intensities. The original very weak Q bands were obviously intensified due 
to both elongation of π-conjugation and loss of symmetry. In subsequent studies, 
doubly meso-β-linked diporphyrin oligomers 1-32a to 1-32d were also obtained 
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by Osuka’s group (Figure 1.7).29 The preparation of a series of diporphyrin 
oligomers 1-32 could directly be achieved by oxidation of 
5,15-bis(3,5-di-tert-butylphenyl) Ni(II)-porphyrin with the Sc(OTf)3/DDQ system. 
The lowest energy bands of the absorption spectra of these oligomers 1-32a to 
1-32d were significantly red-shifted and enhanced upon an increase of the number 
of the porphyrin units with wavelength at 741 nm for 1-32a, 892 nm for 1-32b, 
996 nm for 1-32c, and 1075 nm for 1-32d. Very recently, Osuka et al. have 
synthesized trans- and cis-doubly meso-β- linked Zn(II) porphyrin trimers 1-33 
and 1-34 (Figure 1.6) and systematically investigated anti-versus-syn effects on 
their photophysical properties.30 Both trimers 1-33 and 1-34 can be prepared by 
Suzuki coupling of β-diborylated porphyrin with mono-meso-brominated 
porphyrin followed by oxidative ring fusion in the presence of Sc(OTf)3 and DDQ. 
Compared with trans-isomer 1-33 with absorption peaks at 427, 852, and 963 nm, 
the cis-trimer 1-34 had lower extinction coefficients, showing band peaks at 422, 
522, 604, 734, 927, and 982 nm. In contrast to their absorption spectra, cis-trimer 
1-34 showed a detectable fluorescence at 1048 nm whereas emission for 1-33 
















































































Figure 1.7 Doubly linked porphyrin tapes. 
 
Another class of fused porphyrin arrays is meso-meso, β-β, β-β triply linked 
porphyrin tapes. The liner meso-meso, β-β, β-β triply linked porphyrin tapes 
usually show red-shifted absorption bands with respect to doubly meso-β-linked 
porphyrin arrays when they share the same porphyrin units, owing to a more 
effective conjugation manner in the former arrays. The general method to the 
triply linked porphyrin tapes 1-36 is shown in Scheme 1.6, the meso-meso linked 
porphyrin oligomers 1-35 underwent oxidative ring fusion reaction either by 
BAHA31 or by Sc(OTf)3 and DDQ32 to afford the fully conjugated porphyrin 
arrays. Like doubly meso-β-linked porphyrin arrays, the absorption maxima of 
triply linked porphyrin tapes 1-36 were increasingly intensified and red-shifted 
upon an increase in the number of the porphyrin units. In particular, the absorption 
maximum of the dodecameric porphyrin tape even reached IR region, with 
wavelength as long as 2850 nm. An important feature of porphyrin tapes 1-36, in 
common with rylene, is that expansion of π-electronic system tends to raise the 
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HOMO energy level and lower the energy gap and thus in most cases destabilize 
the tapes. However, 1-36 with rigid shape and conjugated electronic system are 








































Scheme 1.6 Synthesis of triply linked porphyrin tapes. 
 
   Very recently, the other two-dimensionally extended conjugated porphyrin 
oligomers, namely L-shaped 1-37, T-shaped porphyrin tape 1-38,33 tetrameric 
porphyrin sheet 1-3934 have been synthesized (Figure 1.8). All of these porphyrin 
tapes have the ability to absorb NIR light and the peak positions of the 
lowest-energy bands are comparable to those of linear oligomers. However, 1-37 
to 1-39 displayed relatively smaller intensity of lowest-energy bands than their 





























































Figure 1.8 Structures of triply linked porphyrin tapes 
 
Besides fused porphyrin tapes, π-extended porphyrins by fusion of PAHs 
including naphthalene, pyrene, anthracene, and azulene across the meso- and 
β-positions of porphyrins also shift the absorption into the NIR spectral range. In 
order to obtain related dyes (1-40 to 1-48) (Figure 1.9),35-38 coupling of respective 
aromatic compounds with porphyrin at meso-positions to form meso-aryl 
substituted precursor is necessary, which can be achieved by direct condensation 
(for synthesis of compounds 1-46 and 1-48) of pyrole with aldehyde followed by 
metallation, or stepwise synthetic method (for syntheses of compounds 1-40, 1-44 
and 1-45) with dipyrromethane as building block. Another different strategy (for 
syntheses of compounds 1-41 to 1-43, 1-47) employed to produce meso-aryl 
substituted precursor is based on Suzuki coupling of porphyrin boronic ester with 
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bomoarene. The desired dyes 1-40 to 1-48 were eventually prepared by ring 
closure reactions of precursors under Sc(OTf)3/DDQ system or FeCl3. Due to the 
extended conjugation, all of the dyes 1-40 to 1-48 showed red-shifted and 
intensified NIR absorption, with the lowest-energy bands at 682, 724, 855, 725, 

















R31-41a R1=H, R2=OBu, R3=H
1-41b R1=R2=H, R3=OBu
1-41c R1=R2=OBu, R3=H



































































Figure 1.9 Structures of arene-fused porphyrins 
 
1.2.3 Phthalocyanine Derivatives 
   The structure of a phthalocyanine molecule is closely related to that of 
porphyrin systems and its absorption property thus somewhat resembles porphyrin: 
short-wavelength B band and long-wavelength Q band. Derivatives such as 
naphthalocyanine with an additional benzene ring fused to the isoindole group are 
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well known and can be used as the basis of an alternative strategy for the design of 
NIR dyes. Phthalocyanine and naphthalocyanine chromophores, as NIR absorbing 
organic compounds, have been intensively discussed by Fabian et al.1a Typical 
starting materials to synthesize phthalocyanine is phthalonitrile and the obtained 
phthalocyanine is insoluble in common organic solvents. Therefore, the rational 
design of stable phthalonitrile derivatives that possess sufficient and efficient 
solubilizing groups and have effective conjugation themselves is highly desirable 
for the purpose of obtaining stable NIR phthalocyanine dyes, as illustrated for 
exocyclic fused rings such as anthracene,39 nitrogen-containing triphenylene,40 
helicene,41 perylene,42 hexa-peri-hexabenzocoronene (HBC).43 Noteworthy is that 
azulenetetraazaporphyrin 1-54 has the longest near-IR absorptions among all 





















































































































































Figure 1.10 Structures of phthalocyanine (Pc) derivatives. 
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1.2.4 Summary and outlook 
Polycyclic aromatic compounds such as rylenes, porphyrins, and 
phthalocyanines have been modified by modern organic chemistry through 
annulation and substitution with the aim of achieving NIR absorption. In most 
cases, the newly developed polycyclic aromatics-based NIR dyes show moderate 
to high solubility as well as stability and the lowest-energy bands of these dyes 
almost cover the entire NIR spectral region ranging from 700 nm to 1400, which 
provides more opportunities for practical applications. More importantly, the 
absorption spectra of certain porphyrin tapes even reach IR region. In principle, an 
increase in conjugation length of the π- electronic system, which can be achieved 
by ring closure of the well-defined and soluble precursor to form a highly flat 
plane, effectively shifts the absorption bands to long-wavelength region. Thus, the 
only limit to the long wavelength seems to be the reach of dreams and willingness. 
However, numerous problems, such as synthetic inaccessibility, chemical 
instability, poor solubility, and conjugation saturation behavior, make this dream 
difficult to come true. Anyway, it is inevitable that a great number of PAH-based 
NIR dyes will be designed and synthesized in the near future that these 
compounds are awaiting further interesting applications. 
 
1.3 Objective 
Fusion of polycyclic aromatic compounds by state-of-art chemistry leads to a 
new family of large π-conjugated systems. These fused hybrid molecules usually 
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show intensified NIR absorption and in some cases also exhibit moderate NIR 
emission. Based on the above review of fused polycyclic aromatics related near 
infrared dyes, it becomes obvious that there are three challenges for 
aforementioned fused materials: (1) stability; (2) solubility; (3) limited knowledge 
of fusion reaction. Therefore, how to obtain stable and soluble NIR dyes based on 
fused polycyclic aromatic compounds remains as challenging targets. 
 The main aim of this study was to design and synthesize soluble and stable 
precursors, and develop effective methods to fuse these precursors together for the 
purpose of obtaining novel NIR dyes. More specifically, the objectives of this 
study were: 
(1) To increase the solubility of the fused systems by introducing the solubilizing 
and bulky groups; 
(2) To stabilize the highly conjugated systems by lowing their lying-HOMO 
energy levels; 
(3) To systematically investigate the physical properties of these newly 
synthesized NIR dyes and understand the fundamental structure-property 
relationships; 
(4) To preliminarily examine applications of these NIR dyes, such as DSC, 
bioimaging, photodetector. 
Findings of this study should provide detailed information on the molecular 
structures, synthesis, physical and spectral properties of a series of fused 
polycyclic aromatic compounds-based NIR dyes. Moreover, the results of this 
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study may extend our understanding of the effects of functional groups on the 
solubility and stability of the fused polycyclic aromatic compounds. Furthermore, 
the investigation of fundamental structure-property relationships as well as 
methodological studies of varied reagents for ring closure reactions would attract 
intensive interest of researchers from organic chemistry to materials science, and 
further inspire them to synthesize a variety of fused polycyclic aromatics-based 
NIR dyes with extraordinary properties. Besides chemical synthesis of these NIR 
dyes, preliminary examination of applications of them may pave the way for a 
broad range of applications in future. 
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Chapter 2 “Push-pull” N-annulated perylene dyes with 
adjustable photophysical properties 
 
2.1 Introduction 
Organic π-conjugated molecules have been among the most attractive 
materials in various fields of light emitting diodes,1 photovoltaic cells,2 field effect 
transistors,3 and nonlinear optics.4 Generally speaking, energy gap between the 
HOMO and the LUMO energy levels determines the optical and electrochemical 
behaviors of these π-conjugated systems, rationally tuning the HOMO-LUMO 
gaps therefore is of significant importance in terms of the applicability of 
π-conjugated molecules in electronic devices.  
Perylene and its derivatives have been extensively studied as active 
components in electronics due to their excellent physical (high extinction 
coefficient and fluorescent quantum yield) and charge transport properties, as well 
as their outstanding chemical, thermal and photochemical stability.5 Inevitable 
problems for perylene dye are its low solubility as well as the formation of 
regioisomers upon dibromination.6 As a result, chemical modification of perylene 
core aiming at enhancing its solubility and processibility but at the same time 
avoid the generation of regioisomers is highly desirable. N-Annulation of perylene 
in which the nitrogen atom is annulated at the bay positions becomes one option 
for such a purpose, because additional flexible alkyl chains can be easily 
introduced by alkylation reaction and thus improving the solubility.7 More 
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importantly, the electron-donating character of amine can increase the electron 
density of the entire π-system, thus facilitating further functionalization and 
leading to novel N-annulated perylene (NP) derivatives with unique 
opto-electronic properties. However, systematic investigation of absorption and 
emission properties of NP related dyes in the visible region, to the best of our 
knowledge, has never been conducted. On the other hand, considering that 
sunlight possesses most of its radiation intensity in the far-red and near-infrared 
spectral region, there is an urgent need to design and synthesize new materials 
absorbing the longer wavelength region with band gaps lower than 2.0 eV. 
However, the absorption maximum of NP is only located at 430 nm. Promotion of 
its absorption and emission to longer wavelength region thus is necessary. An 
effective synthetic strategy to decrease the HOMO-LUMO gap involves 
attachment of variable electron-deficient subunits onto compounds containing 
electron-sufficient moieties to form so-called acceptor-donor-acceptor (A-D-A) 
skeleton, thereby rationally adjusting the absorption and emission properties.8 In 
this case different degree of intramolecular charge-transfer will be generated, 














2-3 A = n = 1CNNC
2-4 A = n = 2CNNC
Figure 2.1 Structures of “push-pull” dyes  
 
 In this chapter, we reported a series of “push-pull” dyes 2-1 to 2-4, as shown 
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in Figure 2.1. In the design of these dyes, NP unit was utilized as a central part 
and terminal electron-withdrawing groups were introduced to the NP core linked 
by one or two double bonds as conjugation bridges to generate “push-pull” 
structures, which are expected to possess adjustable optical band gaps reflected by 
varied absorption and emission behaviors.  
 
2.2 Results and discussion 
As shown in scheme 2.1, the key intermediate 1-nitroperylene 2-6 was 
initially synthesized by selective nitration of perylene 2-5 at bay position 
following literature method. Subsequent treatment of 1-nitroperylene 2-6 with 
triethyl phosphite at reflux temperature for 2 h directly afforded the yellow-brown 
product 2-7 in 80% yield. N-alkylation reaction of the NP 2-7 with a dove-tailed 
alkyl bromide was carried out at this stage in the presence of KOH and KI to give 
2-8 in 97% yield. The intermediate NP dialdehyde 2-10 was then attempted to 
synthesize by direct introduction of aldehyde groups. Unfortunately, both the 
Vilsmeier-Haack condition (POCl3/DMF)9 and the CHCl2OCH3/SnCl4 system10 
afforded inseparable isomers, other methods for the purpose of introducing 
dialdehyd therefore have to be employed. Consequently, bromination of 2-8 with 
2 equiv of NBS at room temperature was carried out and it exclusively gave the 
dibrominated NP 2-9 in 98% yield. The perylene dialdehyde 2-10 was then 
prepared in 63% yield by lithiation of dibrominated NP 2-9 followed by reaction 
with anhydrous DMF. Chromophores 2-1 and 2-3 were finally synthesized in 
  33
good yields by Horner-Wadsworth-Emmons reaction11 and Knoevenagel 
condensation12 of the corresponding dialdehyde with the acceptor groups, 
respectively. Similarly, intermediate 2-13 was also prepared by using the same 
strategy starting from the lithiation between 2-9 followed by reaction with 
N,N-dimethylacrolein. The obtained dialdehyde 2-13 was submitted to similar 
condensations to give long chromophores 2-2 and 2-4. According to 1H NMR 
spectrum, the values for the vinylene D-C=C-A bridges are between 15.1 and 15.8 
Hz, indicating that all of the double bonds adopt “trans” configurations. 
2-1

































































Scheme 2.1 Synthetic scheme towards “push-pull” NP dyes. 
  34
 
The UV-vis absorption spectra of chromophores 2-1 to 2-4 were recorded in 
different solvents and the data were collected and summarized in Figure 2.2 and 
Table 2.1. Compared with unmodified NP with absorption maximum at 430 nm, 
all “push-pull” NP dyes 2-1 to 2-4 displayed a bathochromic 
intramolecular-charge-transfer-band in the visible region with absorption maxima 
ranging from 524 nm for 2-1 to 611 nm for 2-4 in DCM. It is noteworthy that a 
bathochromic shift of the charge transfer band can be observed upon increasing 
the electron-withdrawing ability of the acceptors (e.g. comparison of 2-1 with 2-3) 
and additional red shift is also achievable when the length of double bond bridges 
increases (e.g. comparison of 2-3 with 2-4). In addition, the intermediate 2-10 and 
2-13 with weakly electron-withdrawing aldehyde groups possess absorption 
maxima between 2-8 and 2-1. These findings clearly demonstrated that by using 
“push-pull” strategy with varied electron acceptors and tunable conjugation length, 
a series of NP based dyes capable of partially covering the visible region (from 
430 nm for 2-8 to 611 nm for 2-4) are attainable. Interestingly, in the cases of 
chromophores 2-3 and 2-4, new absorption bands located at longer wavelength 
region were observed in cyclohexane besides typical intramolecular charge 
transfer band, which might be attributed to the formation of J-aggregates.15 
Diluting solution (from 10-5 M to 10-6 M) of 2-3 in cyclohexane turned our to be 
effective to minimize the formation of J-aggregates, reflected by the 
disappearance of the longer-wavelength band, whereas such a band still could be 
detected for 2-4 in diluted cyclohexane solution (10-6 M). More importantly, the 
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absorption spectra of all the dyes 2-1 to 2-4 in drop-casted film exhibited 
considerably bathochromic shift and broadening absorption bands, suggesting that 




ε            
(M-1 
cm-1)a 
λem (nm)a QY 
(%) 
Eg (eV) b λabs (nm) c λem (nm) c 
2-1 521 60000 585 36.9 2.12 539 678 
2-2 538 64000 612 12.0 2.04 555 713 
2-3 581 33000 635 11.5 1.96 689 759 
2-4 611 44000 697 6.7 1.77 727 819 
Table 2.1 Summary of absorption and emission properties of dyes 2-1 to 2-4. a Measured 
in DCM; b Obtained from the low energy absorption onset in the absorption spectra; c 
Measured in thin film. 
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Figure 2.2 (a) Normalized UV-vis absorption spectra of NPbased dyes in DCM (1.0 x 
10-5 M). (b) Normalized emission spectra of NP based dyes in DCM (1.0 x 10-6 M). The 
excitation wavelength for each compound is equal to its respective absorption maximum. 
(c) Normalized UV-vis absorption spectra of NP based dyes 2-1 to 2-4 in thin film. (d) 
Normalized emission spectra of NP based dyes 2-1 to 2-4 in thin film. 
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Fluorescence spectra of dyes of 2-1 to 2-4 were also recorded in solvents with 
varied polarities. All investigated dyes exhibited intense fluorescence at room 
temperature with emission maxima ranging from 442 nm for 2-8 to 690 nm for 
2-4 in DCM (Table 2.1 and Figure 2.2b). This trend is similar to that observed for 
their absorption spectra. Although the solvent polarity has little effect on the 
absorption spectra (Table 2.2), moderate bathochromic shifts of the emission 
bands were observed for each chromophore upon increasing solvent polarity from 
less polar cyclohexane to highly polar acetonitrile. Such a positive 
solvatochromism, which results from the stabilization of the highly polar emitting 
state by polar solvents, is typical for compounds presenting an intramolecular 
charge transfer from the electron-rich center to the terminal acceptor upon 
excitation and has been fully documented for numerous “push-pull” 
fluorophores.13 Noteworthy is dye 2-4 that exhibited the largest solvatochromic 
behavior with emission maximum red-shifted from 648 nm in cyclohexane to 702 
nm in acetonitrile among all the investigated fluorophores (Table 2.2). Solid state 
photoluminescence investigations revealed a red shift of the emission maxima 
compared to the ones obtained in solution, illustrating intermolecular interactions 




Compd Solvent λabs (nm)a ε            
(M-1 cm-1)a 
λem (nm)b QY (%)c 
2-1 DCM 521 60000 585 36.9 
 Toluene 524 54000 582 39.8 
 CH3CN 516 43000 581 43.4 
 Cyclohexane 517 58000 570 42.0 
2-2 DCM 538 64000 612 12.0 
 Toluene 538 62000 604 16.6 
 CH3CN 528 40000 608 12.4 
 Cyclohexane 530 64000 588 15.6 
2-3 DCM 581 33000 635 11.5 
 Toluene 584 32000 623 13.8 
 CH3CN 571 27000 641 15.1 
 Cyclohexane 574, 735 29000 603 13.0 
2-4 DCM 611 44000 697 6.7 
 Toluene 597 41000 668 7.3 
 CH3CN 599 43000 702 6.1 
 Cyclohexane 638, 730 26000 648 4.4 
Table 2.2 Summary of solvatochromic behaviors of dyes 2-1 to 2-4. a Measured at the 
concentration of 1 x 10-5 M; b Measured at the concentration of 1 x 10-6 M; c The 
fluorescence quantum yields were calculated by using fluorescein as a reference 
according to Ref. 15. 
 
The electrochemical properties of compounds 2-1 to 2-4 were investigated by 
cyclic voltammetry (CV) in anhydrous DCM containing 0.1 M 
tetra-n-butylammonium hexafluorophosphate as supporting electrolyte. As shown 
in Figure 2.3, short dyes 2-1 and 2-3 displayed more reversible oxidation and 
reduction waves with respect to long NP derivatives 2-2 and 2-4, demonstrating 
that more anions and cations can be stabilized by the delocalized π-system in the 
short dyes 2-1 and 2-3 while this delocalization becomes much smaller for the 
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long ones 2-2 and 2-4 because the double-bond bridges do not favor electronic 
communication probably owing to the distortion from planarity. Energy gaps of 
2.03 eV for 2-1, 1.87 for 2-3 and 1.57 eV for 2-4 were then calculated except for 
2-2 (energy gaps cannot be obtained for 2-2 based on CV data, the corresponding 
LUMO energy level for 2-2 is deduced as 2.04 eV based on the equation LUMO = 
HOMO + Eg, where Eg is the optical energy gap), this trend is in agreement with 
their optical band gaps (2.12 eV for 2-1, 2.04 eV for 2-2, 1.96 eV for 2-3 and 1.77 
eV for 2-4). 













Figure 2.3 Cyclic voltammograms of compounds 2-1 to 2-4 in DCM with 0.1 M 
Bu4NPF6 as supporting electrolyte, AgCl/Ag as reference electrode, Au disk as working 













2-1 0.37 0.68 0.93 -1.81 - -5.09 -3.06 2.03 
2-2 0.62 - - - - -5.16 -3.12 - 
2-3 0.94 - - -1.09 -1.29 -5.66 -3.79 1.87 
2-4 0.66 - - -1.11 - -5.34 -3.77 1.57 
Table 2.3 Summary of electrochemical properties of dyes 2-1 to 2-4. a HOMO and 
LUMO energy levels were calculated from the onset of the first oxidation and reduction 
waves according to equations: HOMO = - (4.8 + Eoxonset) and LUMO = - (4.8 + Eredonset); b 
Obtained from cyclic voltammograms; f based on the equation LUMO = HOMO + Eg, 
where Eg is the optical energy gap. 
 
2.3 Conclusion 
In conclusion, a series of novel “push-pull” dyes based on NP have been 
designed and synthesized in convenient methods and high yields. These dyes not 
only absorb the light covering the visible spectral region but also exhibit strong 
emission even into NIR region. Their absorption and emission properties were 
effectively tuned by appropriate choice of both the terminal acceptors and the 
length of the conjugated bridges. Moderate emission solvatochromism was also 
observed for “push-pull” dyes 2-1 to 2-4. However, the longest absorption 
maximum achieved for NP dyes by the means of “push-pull” strategy was only 
around 620 nm in solution. This limitation stimulates us to investigate more 
efficient methods such as core extension to obtain NIR dyes with superior 
absorption and emission behaviors. 
 
2.4 Experimental section 
2.4.1 General 
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  All reagents were purchased from commercial suppliers and used as received 
without further purification. Anhydrous dichloromethane (DCM) and N, 
N-dimethylformaldehyde (DMF) were distilled from CaH2. THF were distilled 
from sodium-benzophenone immediately prior to use. The 1H NMR and 13C NMR 
spectra were recorded in solution of CDCl3 or CDCl2CDCl2 on Bruker DPX 300 
or DRX 500 NMR spectrometer with tetramethylsilane (TMS) as the internal 
standard. The chemical shift was recorded in ppm and the following abbreviations 
were used to explain the multiplicities: s = singlet, d = doublet, t = triplet, m = 
multiplet, dd = double doublet. MALDI-TOF mass spectra were measured on a 
Bruker Autoflex MALDI-TOF instrument using 1,8,9-trihydroxyanthracene as a 
matrix. EI mass spectra were recorded on Agilent 5975C DIP/MS mass 
spectrometer. Elemental analyses (C, H, N) were performed on a Vario EL 
Elementar (Elementar Analyzen-systeme, Hanau, Germany). UV-vis absorption 
was recorded on Shimadzu UV-1700 spectrometer and Fluorescence spectra were 
recorded on a RF-5301 fluorometer. The electrochemical measurements were 
carried out in anhydrous DCM with 0.1 M tetrabutylammonium 
hexafluorophosphate (Bu4NPF6) as the supporting electrolyte at a scan rate of 0.05 
V/s at room temperature under the protection of nitrogen. A gold disk was used as 
working electrode, platinum wire was used as counting electrode, and Ag/AgCl (3 
M KCl solution) was used as reference electrode. The fluorescence quantum 
yields were measured by optical dilute method (A < 0.05) using fluorescein (5 x 
10-6 M in water, pH 11) as the reference.15 The solvents used for UV-vis and PL 
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measurements are of HPLC grade (Merck). 





A mixture of 6H-phenanthro [1,10,9,8-c,d,e,f,g] carbazole 2-5 (2.65 g, 10 mmol)7, 
KOH (0.84 g, 15 mmol), 2-decyl-tetradecylbromide (6.26 g, 15 mmol)16 and a 
small amount of KI (5 %) in dry THF (50 mL) was stirred at 70 °C for 24 h under 
nitrogen atmosphere. After cooling to room temperature, the reaction mixture was 
poured into water and the product was extracted with DCM. The solvent was 
evaporated under reduced pressure, and the crude product was purified by column 
chromatography on silica gel (hexane) to give a yellow oil product 2-8 (5.80 g, 
97 %). 1H NMR (CDCl3, 500 MHz) δ: 8.64 (d, J = 7.6 Hz, 2H), 8.12 (d, J = 7.6 
Hz, 2H), 7.87 (d, J = 8.9 Hz, 2H), 7.81 (dd, J = 7.6 Hz, 2H), 7.69 (d, J = 8.9 Hz, 
2H), 4.40 (d, J = 7.6 Hz, 2H), 2.23 (m, 1H), 1.21-1.37 (m, 40H), 0.92-0.96 (m, 
6H). 13C NMR (CDCl3, 125 MHz), δ: 132.1, 130.3, 128.7, 124.9, 124.8, 124.3, 
123.4, 120.5, 117.2, 113.4, 49.9, 39.9, 31.9, 31.8, 29.8, 29.7, 29.6, 29.5, 29.4, 29.3, 
26.5, 22.7, 14.1. anal. calcd for C44H59N: C 87.24, H 10.59, N 2.16; found C 87.47, 










To the solution of compound 2-8 (3.00 g, 5 mmol) in DMF (50 mL) was added 
NBS (1.82 g, 10 mmol), and the mixture was stirred at 25 °C for 2 h. The reaction 
mixture was then poured into diethyl ether and the organic phase was washed with 
brine (100 mL x 4) to remove DMF. The solvent was evaporated under reduced 
pressure, and the crude product was purified by column chromatography on silica 
gel (petroleum ether) to generate the yellow waxy solid product 2-9 (3.70 g, 98 %). 
1H NMR (CDCl3, 300 MHz) δ: 8.32 (d, J = 7.6 Hz, 2H), 8.12 (d, J = 8.2 Hz, 2H), 
7.71 (t, J = 7.9 Hz, 2H), 7.61 (s, 2H), 3.91 (d, J = 7.4 Hz, 2H), 1.92 (m, 1H), 
1.16-1.30 (m, 40H), 0.86-0.91 (m, 6H). 13C NMR (CDCl3, 75 MHz), δ: 131.0, 
129.2, 127.2, 125.0, 124.6, 123.2, 121.3, 117.7, 116.5, 115.4, 49.7, 39.5, 31.9, 
31.8, 31.6, 29.8, 29.7, 29.6, 29.5, 29.4, 29.3, 29.2, 26.3, 22.7, 14.1. anal. calcd for 
C44H57Br2N: C 69.56, H 7.56, N 1.84; found C 69.63, H 7.36, N 1.77. MS (EI): 










To a solution of 2-9 (1.52 g, 2 mmol) in dry THF (50 mL) was added dropwise 1.6 
M n-BuLi in hexane solution (3.0 mL, 4.8 mmol) at -78 oC under nitrogen 
atmosphere. After the mixture was stirred at -78 oC for 1 h, anhydrous DMF (1.46 
g, 20 mmol) was added into the mixture. After it was slowly warm up to room 
temperature and was stirred for 4 h, the mixture was poured into aqueous NH4Cl 
solution. The aqueous layer was extracted with ethyl acetate, and the combined 
organic phase was washed with saturated brine and dried over anhydrous Na2SO4. 
The solvent was removed under vacuum and the residue was purified column 
chromatography (silica gel, DCM: hexane = 1:2) to afford 2-10 as a orange waxy 
solid (828 mg, 63%). 1H NMR (CDCl3, 300 MHz) δ: 10.39 (s, 2H), 9.15 (d, J = 
8.2 Hz, 2H), 8.56 (d, J = 7.1 Hz, 2H), 7.87-7.93 (m, 2H), 7.79 (s, 2H), 4.07 (d, J = 
7.4 Hz, 2H), 1.98 (m, 1H), 1.12-1.25 (m, 40H), 0.82-0.87 (m, 6H). 13C NMR 
(CDCl3, 75 MHz), δ: 192.6, 132.8, 130.9, 129.4, 127.0, 126.2, 124.5, 123.8, 123.3, 
122.1, 119.7, 49.8, 39.8, 31.9, 31.8, 31.6, 29.8, 29.7, 29.6, 29.5, 29.4, 29.3, 29.2, 
26.4, 22.7, 22.6, 14.10, 14.08. anal. calcd for C46H59NO2: C, 83.97; H, 9.04; N, 










To a solution of 2-9 (1.52 mg, 2 mmol) in dry THF (50 mL) was added dropwise 
1.6 M n-BuLi in hexane solution (3.0 mL, 4.8 mmol) at -78 oC under nitrogen 
atmosphere. After the mixture was stirred at -78 oC for 1 h, anhydrous 
N,N-dimethylacrolein (990 mg, 10 mmol) was added into the mixture. After it was 
slowly warmed up to room temperature and was stirred for 4 h, the mixture was 
poured into aqueous NH4Cl solution. The aqueous layer was extracted with ethyl 
acetate, and the combined organic phase was washed with saturated brine and 
dried over anhydrous Na2SO4. The solvent was removed under vacuum and the 
residue was purified column chromatography (silica gel, DCM: hexane = 1:2) to 
afford 2-13 as a orange waxy solid (539 mg, 38%). 1H NMR (CDCl3, 300 MHz) δ: 
9.91 (d, J = 7.6 Hz, 2H), 8.68 (d, J = 7.6 Hz, 2H), 8.35 (d, J = 15.8 Hz, 2H), 8.29 
(d, J = 8.4 Hz, 2H), 7.88-7.93 (m, 2H), 7.73 (s, 2H), 6.89 (dd, J = 15.8, 8.4 Hz, 
2H), 4.08 (d, J = 7.4 Hz, 2H), 2.00 (m, 1H), 1.12-1.30 (m, 40H), 0.82-0.89 (m, 
6H). 13C NMR (CDCl3, 75 MHz), δ: 193.4, 149.8, 133.0, 130.3, 129.0, 128.5, 
127.5, 125.7, 124.0, 121.7, 121.5, 119.0, 112.1, 39.7, 31.9, 31.8, 31.7, 29.8, 29.6, 
29.5, 29.4, 29.3, 29.2, 26.4, 22.6, 14.1. anal. calcd for C50H63NO2: C, 84.58; H, 
8.94; N, 1.97; O, 4.51; found C 84.55, H 8.77, N 1.92. MS (EI): m/z = 710.0; 











Under N2 atmosphere, t-BuOK (561 mg, 5.0 mmol) was added in a small portion 
to a solution of 2-12 (1.43 g, 5.0 mmol)17 and 2-10 (658 mg, 1.0 mmol) in dry 
THF (60 mL). The mixture was stirred at 65 oC overnight. After cooling to room 
temperature, the reaction solution was diluted with DCM (60 mL) and washed 
with water (2 x 60 mL) and brine (2 x 60 mL), then the organic layer was dried 
over Na2SO4. After removal of solvents, the residue was purified by column 
chromatography (silica gel, hexane/DCM = 4:1 to 3:1) to give the title compound 
2-1 as a purple solid (840 mg, 91%). 1H NMR (CDCl3, 500 MHz) δ: 8.67 (d, J = 
7.7 Hz, 2H), 8.38 (d, J = 15.8 Hz, 2H), 8.36 (d, J = 8.2 Hz, 2H), 8.04 (d, J = 7.6 
Hz, 2H), 7.89-7.92 (m, 2H), 7.81 (d, J = 7.6 Hz, 2H), 7.71 (s, 2H), 7.56 (d, J = 
15.8 Hz, 2H), 7.48-7.51 (m, 2H), 7.36-7.39 (m, 2H), 4.11 (d, J = 7.6 Hz, 2H), 2.06 
(m, 1H), 1.12-1.30 (m, 40H), 0.79-0.86 (m, 6H). 13C NMR (CDCl3, 125 MHz), δ: 
167.6, 154.1, 135.6, 134.4, 132.8, 130.3, 130.0, 127.6, 126.3, 125.2, 125.1, 124.0, 
122.9, 122.1, 121.8, 121.5, 121.2, 118.0, 110.4, 49.8, 39.6, 31.9, 31.8, 31.7, 29.9, 
29.62, 29.58, 29.54, 29.31, 29.27, 26.3, 22.7, 22.6, 14.09, 14.07. anal. calcd for 
C62H69N3S2: C, 80.91; H, 7.56; N, 4.57; S, 6.97; found C 80.76, H 7.57, N 4.78. 










Compound 2-10 (197 mg, 0.30 mmol) and malononitrile 2-12 (80 mg, 1.20 mmol) 
were dissolved in dry dichloroethane (DCE) (20 mL) under nitrogen atomosphere 
and then TiCl4 (0.13 mL, 1.20 mmol) and pyridine (0.2 mL, 2.4 mmol) were 
slowly added at room temperature. The reaction mixture was heated at 85 oC and 
the reaction was monitored by TLC. After 24 h the reaction was cooled to room 
temperature and the mixture was poured into water (200 mL) and extracted with 
DCM. The organic layer was then dried over Na2SO4. After removal of solvents, 
the residue was purified by column chromatography (silica gel, toluene) to give 
the title compound 2-3 as a purple solid (195 mg, 86%). 1H NMR (CDCl3, 500 
MHz) δ: 8.89 (d, J = 7.6 Hz, 2H), 8.87 (s, 2H), 8.81 (s, 2H), 8.32 (d, J = 8.2 Hz, 
2H), 8.07-8.10 (m, 2H), 4.58 (d, J = 7.6 Hz, 2H), 2.27 (m, 1H), 1.13-1.54 (m, 
40H), 0.84-0.88 (m, 6H). 13C NMR (CDCl3, 125 MHz), δ: 156.1, 134.1, 130.4, 
127.7, 127.2, 127.0, 124.1, 123.3, 121.4, 121.2, 115.8, 114.4, 113.7, 81.8, 50.8, 
40.4, 32.0, 31.9, 31.8, 29.8, 29.6, 29.5, 29.4, 29.3, 29.2, 26.5, 22.7, 14.1. anal. 
calcd for C52H59N5: C, 82.83; H, 7.89; N, 9.29; found C 80.76, H 7.57, N 4.78. 










Under N2 atmosphere, t-BuOK (561 mg, 5.0 mmol) was added in a small portion 
to a solution of 2-12 (1.43 g, 5.0 mmol)17 and 2-13 (710 mg, 1.0 mmol) in dry 
THF (60 mL). The mixture was stirred at 65 oC overnight. After cooling to room 
temperature, the reaction solution was diluted with DCM (50 mL) and washed 
with water (2 x 50 mL) and brine (2 x 50 mL), then the organic layer was dried 
over Na2SO4. After removal of solvents, the residue was purified by column 
chromatography (silica gel, hexane/DCM = 3:1 to 1:1) to give the title compound 
2-2 as a purple solid (816 mg, 84%). 1H NMR (CDCl3, 500 MHz) δ: 8.67 (d, J = 
7.6 Hz, 2H), 8.31 (d, J = 8.2 Hz, 2H), 8.00 (d, J = 8.2 Hz, 2H), 7.86-7.89 (m, 2H), 
7.83 (d, J = 8.2 Hz, 2H), 7.79 (d, J = 15.1 Hz, 2H), 7.75 (s, 2H), 7.54 (dd, J = 15.1, 
10.7 Hz, 2H), 7.46-7.49 (m, 2H), 7.34-7.37 (m, 2H), 7.12 (dd, J = 15.1, 10.7 Hz, 
2H), 7.05 (d, J = 15.2 Hz, 2H), 4.22 (d, J = 7.6 Hz, 2H), 2.13 (m, 1H), 1.16-1.31 
(m, 40H), 0.79-0.84 (m, 6H). 13C NMR (CDCl3, 125 MHz), δ: 167.0, 154.1, 138.8, 
135.7, 134.5, 133.1, 131.0, 130.5, 127.6, 127.4, 126.3, 125.1, 124.9, 124.7, 124.3, 
122.8, 121.8, 121.4, 121.2, 117.9, 109.7, 49.5, 39.6, 31.90, 31.88, 31.7, 29.9, 29.7, 
29.6, 29.3, 26.5, 22.7, 22.6, 14.1. anal. calcd for C66H73N3S2: C, 81.52; H, 7.57; N, 
4.32; S, 6.59; found C 81.78, H 7.74, N 4.50. (MALDI-TOF) m/z = 971.702; 










Compound 2-13 (213 mg, 0.30 mmol) and malononitrile 2-11 (80 mg, 1.20mmol) 
were dissolved in dry dichloroethane (DCE) (20 mL) under nitrogen atomosphere 
and then TiCl4 (0.13 mL, 1.20 mmol) and pyridine (0.2 mL, 2.4 mmol) were 
slowly added at room temperature. The reaction mixture was heated at 85 oC and 
the reaction was monitored by TLC. After 24 h the reaction was cooled to room 
temperature and the mixture was poured into water (200 mL) and extracted with 
DCM. The organic layer was then dried over Na2SO4. After removal of solvents, 
the residue was purified by column chromatography (silica gel, toluene) to give 
the title compound 2-4 as a blue solid (196 mg, 81%). 1H NMR (CDCl2CDCl2, 
500 MHz, 373 K) δ: 8.86 (d, J = 7.6 Hz, 2H), 8.44 (d, J = 7.6 Hz, 2H), 8.33 (d, J = 
15.1 Hz, 2H), 8.25 (s, 2H), 8.04-8.07 (m, 2H), 7.81 (d, J = 11.4 Hz, 2H), 7.60-7.64 
(m, 2H), 4.67 (d, J = 7.0 Hz, 2H), 2.36 (m, 1H), 1.23-1.51 (m, 40H), 0.92-0.94 (m, 
6H). 13C NMR (CDCl2CDCl2, 125 MHz, 373 K), δ: 158.8, 147.1, 134.5, 130.6, 
130.3, 128.0, 126.3, 124.4, 122.7, 122.4, 121.7, 120.3, 113.5, 113.2, 81.7, 50.4, 
40.0, 32.1, 31.4, 29.5, 29.1, 29.0, 28.8, 28.7, 26.4, 22.1, 21.8, 13.5. anal. calcd for 
C56H63N5: C, 83.44; H, 7.88; N, 8.69; found C 83.56, H 7.94, N 8.72. MS (EI): 
m/z = 805.605; calcd. for C56H63N5: 806.133. 
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Chapter 3 Bis-N-annulated quaterrylene bis(dicarboximide)s 
as soluble and stable NIR dyes 
 
3.1 Introduction 
Sunlight, the rich and green resource, possesses about 50% of its radiation 
intensity in the near infrared (NIR) region ranging from 700 nm to 2000 nm. Thus 
the development of dyes and pigments that function in the NIR spectral region is 
essential for diverse applications, such as optical recording, laser filter, NIR 
photography, bioassays and medicine.1,2 A recent rising interest is to use low band 
gap NIR dyes for solar cells,3 bioimaging,4 and two photon absorption (TPA) 
based optical limiting at telecommunication wavelength.5 For all of these 
applications, soluble and stable dyes which can absorb and/or emit light in the 
NIR region are highly desirable. However, many commercially available NIR 
dyes suffer from inevitable drawbacks due to their insufficient photostability.6 
Rylenes and their dicarboxylic imide derivatives are key chromophores in dye 
chemistry due to their excellent chemical and photostability. Up to now, 
perylenebis(dicarboximide)s7 and higher rylenes, namely terrylene8, quaterrylene9, 
pentarylene10 and hexarylene10 have been synthesized and the higher order 
rylenebis(dicarboximide)s can serve as good NIR dyes due to extended 
π-conjugation. A general problem for the higher order rylene dyes is their poor 
solubility even though some bulky groups are attached to the peri-positions of the 
terminal naphthalene units. To further improve their solubility, substitution by 
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phenoxy groups at the bay positions has been done and materials with good 
solubility have been obtained.9,10 One limit is that ring cyclization reaction 
sometimes suffered from the dealkylation of the phenoxy group under strong basic 
condition.9b Alternative substitution groups at the bay positions of higher order 
rylene dyes are desired to facilitate an easy organic synthesis of highly soluble 
NIR dyes. In addition, the substituents with either electron-donating or 
electron-withdrawing character can further tune their electronic and spectral 



















Figure 3.1 Molecular structures of bis-N-annulated quaterrylene 3-2 and 
quaterrylenebis(dicarboximide) 3-1. 
 
N-Annulation of perylene12 in which the nitrogen atoms are annulated at the 
bay position becomes one choice for such a purpose. In chapter 2, we have 
successfully taken advantage of NP core to synthesize “push-pull” dyes that 
shown tunable absorption and emission properties. Very recently, Wang et al. 
reported several N-annulated perylene derivatives12b-e and bis-N-annulated 
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quaterrylene with good solubility was also synthesized.12d In parallel to those 
work, we have been working on the synthesis of a bis-N-annulated 
quarterrylenebis(dicarboximide) such as compound 3-1 (Figure 3.1). The design is 
based on the following considerations: (1) the electron-withdrawing dicarboxylic 
imide groups can significantly lower down the high lying HOMO energy level of 
the respective N-annulated perylene and quaterrylenes, which are expected to be 
unstable upon long term exposure to air and light; (2) the molecule 3-1 has a 
typical acceptor-donor-donor-acceptor (A-D-D-A) motif which may show large 
two-photon absorption in long IR wavelength.13 On the other hand, the 
bis-N-annulated quarterrylene such as molecule 3-2 has a donor-donor (D-D, 
Scheme 1) motif; (3) substitution of the bulk 2,6-diisopropylphenyl groups on the 
imides and the attachment of the branched dove-tailed chains at the amine sites 
will largely improve the solubility of the quaterrylene dyes. In this chapter, we 
present the successful synthesis of compound 3-1 which shows desired 
photophysical and electrochemical properties. For the reason of comparison, 
compound 3-2 was also prepared.  
 
3.2 Results and discussion 
The synthesis of compounds 3-1 and 3-2 is shown in Scheme 3.1. There are 
two major challenges for the synthesis of dye 3-1: (1) the synthesis of N-annulated 
perylene dicarboxylic imide (NPDI) 3-5 and (2) the subsequent ring cyclization of 
the NPDI dimer 3-6. Although perylene dicarboxylic imide (PDI) can be readily 
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obtained by one-step reaction from the cheap perylene tetracarboxylic 
dianhydride,14 there is no efficient way to synthesize NPDIs such as 3-5. We and 
other researchers recently found that arene dicarboxylic anhydride could be 
prepared by Friedel-Crafts reaction of oxalyl chloride with active aromatic 
compounds such as anthracene and followed by oxidation of the as-formed 
diketone to carboxylic anhydride group in good yields.15 Herein, this method was 
used and the key intermediate compound 3-5 was prepared in a convenient 
synthetic route. 



































































Scheme 3.1 Synthetic scheme towards rylenes 3-1 to 3-2 
 
The synthesis commenced with regioselective bromination of 3-3 by one 
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equivalent NBS at 0 oC gave the monobrominated NP 3-4 in 80% yield. Then 
Friedel-Crafts reaction of 3-4 with oxalyl chloride promoted by AlCl3 generated 
an orange solid as a mixture containing different isomers of diketone compounds, 
which were directly converted to their corresponding anhydride compounds using 
oxone15a,c without purification. Separation of the NPDI 3-5 from other isomers 
was successful after the introduction of the 2,6-diisopropylaniline to the anhydride 
group with an overall yield of 48% for three steps. The precursor 3-6 was then 
prepared by Yamamoto coupling of 3-5 in a nearly quantitative yield. The last 
cyclization reaction was performed under different conditions such as (1) KOH in 
ethanol with glucose; (2) tert-BuOK/DBN in diglyme; (3) FeCl3 in nitromethane 
and dichloromethane; and (4) K2CO3 in ethanolamine. It was found out that the 
first three methods all failed and complicated mixtures were usually obtained 
probably due to the decomposition of NPDI units. Fortunately, method (4) by 
using mild base K2CO3 promoted cyclization worked well and our target 
compound 3-1 was obtained in 70% yield. Compound 3-2 was prepared following 
a similar route to the literature.12d Suzuki coupling reaction of 3-7 with one 
equivalent tert-butylphenylboronic acid afforded mono-substituted NP compound 
3-8 in 44% yield. Yamamoto coupling of 3-8 provided the precursor 3-9 in a 
nearly quantitative yield, which was finally cyclized into the bis-N-annulated 
quarterrylene 3-2 in 62% yield by using Sc(OTf)3-DDQ system.12d 
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 3-1 - UV-vis-NIR
 3-2 - UV-vis-NIR
 3-1 - PL



























Figure 3.2 Normalized UV-vis-NIR absorption spectra (3 x 10-6 M) and 
photoluminescence spectra (4 x 10-7 M) of compounds 3-1 and 3-2 in chloroform. 
 
Both compounds 3-1 and 3-2 are highly soluble in common organic solvents 
and this allows us to perform various characterizations in solution. In particular, 
dye 3-1 has a solubility of over 100 mg per mL in dichloromethane at room 
temperature, which is much higher than the quaterrylenebis(dicarboximide)s 
without bay-substitution.9b The high solubility of 3-1 can be accounted for the 
introduction of two bulk 2,6-diisopropylphenyl groups which inhibit the formation 
of π-stacks,9b the two dove-tailed alkyl chains and the bended structure as 
disclosed by the calculated geometric structure. Both dyes exhibit a deep green 
color in solution and their UV-vis-NIR absorption and fluorescence spectra 
recorded in chloroform are shown in Figure 3.2 and the data are collected in Table 
3.1. Dye 3-1 exhibits intense absorption in the NIR spectral region with absorption 
maximum at 760 nm, together with two shoulders at 690 and 632 nm, which are 
similar to the non-functionalized quaterrylene (λabs, max = 764 nm).9b The molar 
extinction coefficient (ε) of 3-1 is extremely high with εmax = 260000 M-1cm-1 at 
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760 nm. In comparison, compound 3-2 without electron-withdrawing dicarboxylic 
imide groups shows absorption peaks at 685, 628 and 575 nm with εmax= 90000 
M-1cm-1. A large bathochromic shift of 75 nm was observed for 3-1 compared with 
3-2, owing to the substitution by electron-withdrawing dicarboxylic imide groups 
in 3-1 which leads to a convergence of HOMO-LUMO energy gap as previously 
calculated.13a, 16 Both 3-1 and 3-2 display very small Stokes shifts (255 and 313 
cm-1, respectively) due to the rigid and planar quaterrylene structure (Figure 3.3). 
The photoluminescence quantum yields (Ф) of dyes 3-1 and 3-2 were determined 
according to an optical dilute method (A < 0.05) by using cardiogreen dye (λabs 
(max) = 780 nm, Ф = 0.13 in DMSO) as a standard.17 The Ф values of 0.55 and 
0.83 were obtained for 3-1 and 3-2, respectively, and these values are higher than 







































Schems 3.2 Synthetic scheme towards quaterrylene bisimides.  
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In order to figure out the reason why quaterrylene 3-1 display unusually high 
photoluminescence quantum yield, other quaterrylene bisimides 3-11 and 3-13 
synthesized for comparison following sequential Suzuki and reductive 
dehydrogenation (Scheme 3.2). The Ф value of 0.02 was obtained for 3-11 in 
DCM solution, whereas almost no fluorescence could be detected for quaterrylene 
bisimide 3-13 without long aliphatic chains. This result demonstrates that the 
quantum yield of quaterrylenebis(dicarboximides) is dependent on the number of 
the aliphatic chains which are directly linked to nitrogen atom fused in the bay 
position, probably because the presence of dove-tail chain effectively surpresses 
the aggregation of dyes in solution. 
 
Figure 3.3 The optimized geometric structures of 3-1-Me and 3-2-Me. 
 
Time-dependent DFT (TD-DFT) calculations have been performed at the 
B3LYP/6-31G** level of theory,19-23 as implemented in the Gaussian03 (G03) 
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program package.24 The geometries of 3-1 and 3-2 were first fully optimized in 
gas phase using the default convergence criteria without any constraints and 
confirmed by frequency calculations. The long branched dove-tail chains were 
replaced by methyl (Me) groups during the calculations and the compounds are 
signed as 3-1-Me and 3-2-Me, respectively. UV-vis-NIR absorption spectra were 
generated assuming an average UV-vis width of 3000 cm-1 at half-height using the 
SWizard program.25 The simulated UV-vis-NIR spectra of 3-1-Me and 3-2-Me 
based on TD-DFT calculations show that molecule 3-1-Me exhibits one intense 
absorption band between 550-1000 nm with absorption maximum at 708.5 nm. 
The experimental UV-vis-NIR absorption spectrum of 3-1 exhibits well-resolved 
three absorption bands in this region with λabs (max) = 760 nm. Such difference is 
normal between the calculation and experimental data given that the experiment 
was conducted in solution while the calculation was done in gas phase. The 
calculations clearly predict a very intense absorption in NIR region with large 
oscillator strength (f = 1.7567) at absorption maximum. This calculation is in 
agreement with the observed high ε value (260000 M-1cm-1 at 760 nm) for 
compound 3-1 in dichloromethane. Similarly, calculations disclose that molecule 
3-2-Me also shows a strong absorption band between 550 and 900 nm, with 
absorption maximum at 663.4 nm and large oscillator strength f = 1.5452 (at 663.4 
nm). Compared with 3-1-Me, molecule 3-2-Me displays blue shift in absorption 
band and also a relatively smaller oscillator strength, and these differences agree 
well with the experimental data of 3-1 and 3-2. The calculated geometric 
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structures of 3-1-Me and 3-2-Me are shown in Figure 3.3. Both molecules are 
slightly bended along the long axis due to the fusion of the nitrogen atoms but the 
quaterrylene unit still has a planar structure. The 2,6-diisopropylphenyl rings in 
3-1-Me are nearly perpendicular to the quarterrylene units. 











Figure 3.4 Cyclic voltammograms of compounds 3-1 and 3-2 in dichloromethane with 
0.1 M Bu4NPF6 as supporting electrolyte, AgCl/Ag as reference electrode, Au disk as 
working electrode, Pt wire as counter electrode, and scan rate at 50 mV/s. Fc/Fc+ was 









λem  QY 
(nm)  
Eox1  Eox2  Eox3 
(V)  (V)  (V) 
Ered 
(V) 
HOMO LUMO Eg 
(eV)   (eV)  (eV) 
3-1 632, 690 ,760 260000 775, 0.55 0.30  0.64  - -1.26 -5.10  -3.54  1.56  
3-2 575, 628, 685 90000 700, 0.83 -0.29, 0.16,0.32 -1.89 -4.51  -2.91  1.60 
Table 3.1 Summary of Photophysical and Electrochemical Properties of Compounds 3-1 
and 3-2. Eoxn and Eredn are half-wave potentials for respective redox waves with Fc/Fc+ as 
reference. HOMO and LUMO energy levels were calculated from the first oxidation and 
reduction waves according to equations: HOMO = - (4.8 + Eox1) and LUMO = - (4.8 + 
Ered1).26 
 
The electrochemical properties of compounds 3-1 and 3-2 were investigated 
by cyclic voltammetry in dry DCM (Figure 3.4 and Table 3.1). The cyclic 
voltammogram of 3-1 exhibits two reversible oxidation waves with half-wave 
potentials (Eoxn) at 0.30 and 0.64 V (vs. Fc/Fc+), while three oxidative waves were 
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observed for 3-2, with Eoxn at - 0.29, 0.16 and 0.32 V (vs. Fc/Fc+). The very low 
first half-wave oxidation potential (- 0.29 V) of 3-2 indicates a high electron rich 
character of this π-conjugated system due to the electron donating property of the 
amines. A high lying HOMO energy level of - 4.51 eV was calculated for 3-2 
based on the Eox1 and this implies that compound 3-2 can be easily oxidized by 
many oxidants.20 In fact, we found that the green solution of 3-2 in toluene 
became dark in a few hours when solution was exposed to ambient condition and 
significant decomposition was observed as followed by UV-vis-NIR spectroscopic 
measurements. In contrast, the first oxidative half-wave potential of 3-1 with 
electron-withdrawing imide groups appears at a much higher potential (0.30 V) 
with a HOMO energy level of -5.10 eV. As a result, the UV-vis-NIR absorption 
spectrum of 3-1 in toluene does not show any change upon exposure to ambient 
air and light for weeks and even under irradiation of 4W UV lamp (emitting at 254 
nm) for 5 days, suggesting a good photostability of dye 3-1, and this is important 
for practical applications. Compound 3-1 also exhibits two reversible reduction 
waves around -1.26 V which are overlapped together but distinguishable by 
differential pulse voltammetry. Accordingly, a LUMO energy level of -3.54 eV 
was calculated, indicating a high electron affinity of dye 3-1 due to the 
carboximide substitution. In addition, one quasi-reversible reduction wave was 
also observed for 3-2 at a negative potential of -1.89 V, indicating that although 
this molecule is electron-rich, it is still possible to store negative charge by 
electron delocalization along the large π-conjugated framework. Compared with 
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3-2, molecule 3-1 having an A-D-D-A motif, exhibits smaller band gap (1.56 eV), 
which is in agreement with their absorption spectra. 
 
3.3 Conclusion 
In summary we have described the efficient synthesis of a new NIR dye, the 
bis-N-annulated quaterrylene bis(dicarboximde) 3-1, which shows remarkable 
properties such as excellent solubility, high molar absorptivity, NIR absorption 
and emission, high fluorescence quantum yield and good photostability in 
comparison with the electron-rich analog 3-2. Further studies on their NLO 
properties such as TPA and synthesis of higher order N-annulated rylene 
carboximides are in progress and this research will likely lead to useful materials 
for applications such as optical limiting5 and photovoltaic windows.27 
 
3.4 Experimental section 
3.4.1 General 
All reagents were purchased from commercial suppliers and used as received 
without further purification. Anhydrous N, N-dimethylformaldehyde (DMF) was 
distilled from CaH2. Toluene and THF were distilled from sodium-benzophenone 
immediately prior to use. The 1H NMR and 13C NMR spectra were recorded in 
solution of CDCl3 or C6D6 on Bruker DPX 300 or DRX 500 NMR spectrometer 
with tetramethylsilane (TMS) as the internal standard. The following 
abbreviations were used to explain the multiplicities: s = singlet, d = doublet, t = 
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triplet, m = multiplet. High resolution mass spectra (MS) were recorded on a 
Bruker Autoflex MALDI-TOF instrument using anthracene-1,8,9-triol as a matrix. 
EI mass spectra were recorded on Agilent 5975C DIP/MS mass spectrometer. 
UV-vis absorption and fluorescence spectra were recorded on Shimadzu UV-1700 
and RF-5301 spectrometers, respectively. The electrochemical measurements 
were carried out in anhydrous methylene chloride with 0.1 M 
tetrabutylammonium hexafluorophosphate (Bu4NPF6) as the supporting 
electrolyte at a scan rate of 0.05 V/s at room temperature under the protection of 
nitrogen. A gold stick was used as working electrode, platinum wire was used as 
counter electrode, and Ag/AgCl (3 M KCl solution) as reference electrode. The 
fluorescence quantum yields were measured by optical dilute method (A < 0.05) 
using cardiogreen (λabs, max = 780 nm, Ф = 0.13 in DMSO)
17 
as reference. The 
solvents used for UV-vis and PL measurements are of HPLC grade (Merck). 
 
3.4.2 Detailed synthetic procedures and characterization data 







To the solution of compound 3-3 (6.00 g, 10 mmol) in DMF (100 mL) added NBS 
(1.82 g, 10 mmol), and the mixture was stirred at 0 °C for 0.5 h. The reaction 
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mixture was then poured into diethyl ether and the organic phase was washed with 
brine (4 x 100 mL) to remove DMF. The solvent was evaporated under reduced 
pressure, and the crude product was purified by column chromatography on silica 
gel (hexane) to give a yellow oil 3-4 (5.44 g, 80 %). 1H NMR (CDCl3, 300 MHz) 
δ: 8.60 (d, J = 7.6 Hz, 1H), 8.59 (d, J = 7.6 Hz, 1H), 8.28 (d, J = 8.2 Hz, 1H), 8.09 
(d, J = 8.0 Hz, 1H), 7.94 (s, 1H), 7.85 (d, J = 7.4 Hz, 1H), 7.82 (d, J = 6.6 Hz, 1H), 
7.78 (t, J = 7.9 Hz, 1H), 7.61 (d, J = 7.6 Hz, 1H), 4.30 (d, J = 7.4 Hz, 2H), 2.15 (m, 
1H), 1.17-1.28 (m, 40H), 0.85-0.90 (m, 6H). 13C NMR (CDCl3, 75 MHz), δ: 132.2, 
131.5, 130.3, 129.7, 128.6, 127.8, 125.2, 125.1, 124.6, 124.4, 124.2, 124.1, 121.2, 
120.9, 117.4, 117.1, 116.8, 116.5, 113.3, 50.0, 39.8, 31.92, 31.88, 31.7, 29.8, 29.7, 
29.62, 29.55, 29.50, 29.34, 29.28, 26.4, 22.68, 22.67, 14.1. anal. calcd for 
C44H58BrN: C 77.76, H 9.30, N 1.93; found C 77.88, H 9.17, N 1.97. MS (EI): 











To a cold (0 °C) stirred suspension of anhydrous AlCl3 (0.82 g, 6.2 mmol) and 
oxalyl chloride (0.45 g, 3.5 mmol) in dry DCM (21 mL) was slowly added a 
solution of compound 3-4 (1.2 g, 1.8 mmol) in DCM (10 mL). The mixture was 
stirred at 25 °C for 0.5 h. Diluted aqueous HCl (1 M) was then added, and the 
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organic phase was separated, washed with brine and dried over MgSO4. The 
solvent was evaporated under reduced pressure, and the residue was purified by 
flash column chromatography on silica gel (DCM as eluent) to give an orange 
solid as a mixture containing different isomers. The mixture was used directly for 
the next step without further purification. The generated orange solid was 
suspended in methanol (20 mL) and oxone (1.2 g) was added. The mixture was 
refluxed for 60 h under nitrogen atmosphere. After cooling, the mixture was 
poured into water and extracted with DCM (3 x 50 mL). The solvent was 
evaporated to dryness, then 2,6-diisopropylaniline (1.25 g, 7.1 mmol) and 
propionic acid (15 mL) was added, and the mixture was refluxed for 30 h. After 
cooling, the mixture was poured into water and the pH value of the solution was 
adjusted to 9 by saturated Na2CO3. The product was extracted with DCM and 
purified by column chromatography on silica gel (hexane: EA = 25:1) to yield a 
deep red solid 3-5 (0.77 g). The overall yield in three steps was 48%. 1H NMR 
(CDCl3, 300 MHz) δ: 8.87 (s, 1H), 8.83 (d, J = 8.0 Hz, 1H), 8.66 (d, J = 8.0 Hz, 
1H), 8.62 (d, J = 7.6 Hz, 1H), 8.33 (d, J = 8.2 Hz, 1H), 7.92 (s, 1H), 7.84 (dd, J = 
8.0 Hz, 1H), 7.53 (t, J = 7.1 Hz, 1H), 7.45 (d, J = 7.6 Hz, 2H), 4.45 (d, J = 7.4 Hz, 
2H), 2.92-3.01 (m, 2H), 2.23 (m, 1H), 1.14-1.40 (m, 52H), 0.82-0.90 (m, 6H). 13C 
NMR (CDCl3, 75 MHz), δ: 165.7, 164.5, 145.8, 135.6, 134.3, 132.0, 131.8, 129.3, 
128.24, 128.21, 127.7, 127.4, 125.8, 125.4, 124.5, 124.0, 123.7, 122.6, 121.3, 
120.9, 120.6, 119.8, 119.1, 119.0, 117.3, 115.2, 50.7, 39.9, 31.9, 31.8, 31.6, 29.8, 
29.7, 29.6, 29.5, 29.4, 29.34, 29.30, 29.23, 29.21, 26.3, 24.11, 24.09, 22.7, 22.6, 
  67
14.08, 14.06. anal. calcd for C58H73BrN2O2: C 76.54, H 8.08, N 3.08; found C 
















A mixture of bis(1,5-cyclooctadiene)nickel (0) (Ni(COD)2) (0.29 g, 1.08 mmol), 
2,2’- bipyridine (Bpy) (0.17 g, 1.08 mmol) and 1,5-cyclooctadiene (COD) (0.10 g, 
0.9 mmol) in anhydrous DMF (18 mL) was heated at 60 °C under nitrogen 
atmosphere for 0.5 h. Then compound 3-5 (0.66 g, 0.72 mmol) in anhydrous 
toluene (18 mL) was added slowly. The mixture was heated at 80 °C for 36 h and 
after cooling, water was added and the product was extracted with ethyl acetate (3 
x 50 mL). The organic layer was washed with saturated brine and dried over 
anhydrous Na2SO4. The solvent was removed under vacuum and the residue was 
purified by column chromatography (silica gel, hexane: EA = 20:1) to give red 
solid product 3-6 in nearly quantitative yield (98%). 1H NMR (CDCl3, 500 MHz) 
δ: 9.12 (s, 2H), 9.01 (d, J = 7.6 Hz, 2H), 8.99 (d, J = 8.2 Hz, 2H), 8.96 (d, J = 8.2 
Hz, 2H), 8.16 (s, 2H), 8.00 (d, J = 8.2 Hz, 2H), 7.87 (t, J = 7.6 Hz, 2H), 7.53 (t, J 
= 7.6 Hz, 2H), 7.40 (d, J = 8.2 Hz, 4H), 4.76-4.79 (m, 4H), 2.92-2.96 (m, 4H), 
2.45 (m, 2H), 1.03-1.43 (m, 104H), 0.77-0.84 (m, 12H). 13C NMR (CDCl3, 125 
MHz), δ: 165.9, 164.6, 145.9, 140.4, 136.5, 135.5, 132.4, 132.1, 129.4, 129.3, 
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129.1, 128.4, 127.6, 125.8, 124.7, 124.0, 122.2, 121.7, 121.2, 119.8, 119.4, 119.0, 
116.6, 116.2, 50.9, 40.2, 31.84, 31.80, 31.75, 31.4, 30.2, 30.0, 29.9, 29.5, 29.4, 
29.3, 29.2, 29.1, 26.4, 24.1, 22.62, 22.57, 22.55, 14.06, 14.02. anal. calcd for 
C116H146N4O4: C 83.87, H 8.96, N 3.34; found C 84.10, H 8.90, N 3.12. MS 
















A mixture of compound 7 (166 mg, 0.1 mmol), K2CO3 (350 mg, 2.5 mmol) and 
ethanolamine (1 mL) was heated at 160 °C under nitrogen atmosphere for 24h. 
After cooling, water was added and the mixture was extracted with DCM (3 x 50 
mL). The organic layer was washed with saturated brine and dried over anhydrous 
Na2SO4. The solvent was removed under vacuum and the residue was purified by 
column chromatography (silica gel, hexane: EA = 10:1) to give a dark green 
product 3-1 (116 mg, 70%). 1H NMR (C6D6, 500 MHz) δ: 9.18 (s, 2H), 9.01 (d, J 
= 8.2 Hz, 2H), 8.68 (s, 2H), 8.57 (s, 4H), 8.45 (d, J = 7.6 Hz, 2H), 7.38-7.44 (m, 
6H), 4.29 (d, J = 7.0 Hz, 4H), 3.31-3.38 (m, 4H), 2.32 (m, 2H), 1.16-1.44 (m, 
104H), 0.81-0.92 (m, 12H). 13C NMR (CDCl3 and CS2,= 2:1, 125 MHz), δ: 165.3, 
164.0, 145.7, 138.2, 134.7, 134.6, 133.9, 132.0, 131.6, 129.1, 128.9, 128.6, 125.9, 
125.4, 124.9, 124.7, 123.9, 121.8, 121.7, 121.3, 120.7, 119.8, 119.4, 118.2, 117.3, 
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106.9, 50.6, 40.3, 32.0, 31.91, 31.89, 30.1, 29.8, 29.7, 29.6, 29.4, 29.1, 26.7, 24.0, 
22.7, 14.11, 14.08.  anal. calcd for C116H144N4O4: C 84.01, H 8.75, N 3.38; found 










3-7 (760 mg, 1 mmol) and 4-tert-butylphenylboronic acid (178 mg, 1 mmol) were 
stirred in toluene (30 mL) under argon. K2CO3 (552 mg, 4 mmol) was dissolved in 
water (4 mL) and Pd(PPh3)4 (57 mg, 0.05 mmol) was added. After flushing with 
argon, the reaction mixture was stirred for 16 hours at 80°C. After removal of the 
solvents, the crude product was purified by column chromatography over silica 
gel using a hexane as eluent to yield 360 mg (44 %) of the title compound 3-8. 1H 
NMR (CDCl3, 300 MHz) δ: 8.63 (d, J = 7.6 Hz, 1H), 8.62 (d, J = 7.6 Hz, 1H), 
8.28 (d, J = 8.2 Hz, 1H), 8.19 (d, J = 8.2 Hz, 1H), 7.99 (s, 1H), 7.84 (t, J = 7.9 Hz, 
1H), 7.62 (t, J = 7.9 Hz, 1H), 7.68 (s, 1H), 7.67 (d, J = 8.6 Hz, 2H), 7.61 (d, J = 
8.6 Hz, 2H), 4.39 (d, J = 7.3 Hz, 2H), 2.21 (m, 1H), 1.48 (s, 9H), 1.17-1.33 (m, 
40H), 0.85-0.91 (m, 6H). 13C NMR (CDCl3, 75 MHz), δ: 150.1, 138.9, 138.0, 
132.3, 131.6, 130.4, 129.9, 127.8, 127.7, 125.3, 125.2, 124.8, 124.5, 124.4, 124.3, 
121.2, 121.1, 117.3, 117.0, 116.7, 116.2, 114.1, 50.1, 39.7, 34.7, 31.9, 31.8, 31.7, 
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31.5, 29.9, 29.63, 29.59, 29.53, 29.33, 29.29, 26.3, 22.7, 22.6, 14.1. anal. calcd for 
C54H70BrN: C 79.77, H 8.89, N 1.69; found C 79.89, H 8.96, N 1.67. MS (EI): 











A mixture of bis(1,5-cyclooctadiene)nickel (0) (Ni(COD)2) (150 mg, 0.54 mmol), 
2,2’- bipyridine (Bpy) (85 mg, 0.54 mmol) and 1,5-cyclooctadiene (COD) (50 mg, 
0.45 mmol) in anhydrous DMF (10 mL) was heated at 60 °C under nitrogen 
atmosphere for 0.5 h. Then compound 3-8 (291 mg, 0.36 mmol) in anhydrous 
toluene (10 mL) was added slowly. The mixture was heated at 80 °C for 36 h and 
after cooling, water was added and the product was extracted with ethyl acetate (3 
x 50 mL). The organic layer was washed with saturated brine and dried over 
anhydrous Na2SO4. The solvent was removed under vacuum and the residue was 
purified by column chromatography (silica gel, DCM: hexane = 1:10) to give a 
yellow solid 3-9 in nearly quantitative yield (98 %). 1H NMR (CDCl3, 300 MHz) δ: 
8.75 (d, J = 7.6 Hz, 2H), 8.72 (d, J = 7.6 Hz, 2H), 8.25 (d, J = 8.4 Hz, 2H), 8.07 (s, 
2H), 7.85 (s, 2H), 7.62-7.83 (m, 14H), 4.64 (d, J = 7.3 Hz, 2H), 2.36 (m, 2H), 1.50 
(s, 18H), 1.10-1.41 (m, 80H), 0.80-0.88 (m, 12H). 13C NMR (CDCl3, 125 MHz), 
δ: 150.1, 139.2, 137.6, 136.5, 132.5, 132.4, 130.8, 130.7, 130.1, 129.5, 128.1, 
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125.4, 125.1, 124.8, 124.6, 124.51, 124.50, 120.9, 120.8, 117.2, 117.0, 115.6, 
114.3, 50.3, 40.0, 34.7, 31.92, 31.87, 31.6, 30.04, 30.00, 29.7, 29.6, 29.5, 29.3, 
29.2, 26.5, 22.7, 22.6, 14.1. anal. calcd for C108H141N2: C 88.47, H 9.62, N 1.91; 
found C 88.67, H 9.70, N 1.63. MS (MALDI-TOF): m/z (M + H)+ = 1467.134; 











A mixture of compound 3-9 (120 mg, 0.082 mmol), Sc(OTf)3 (200 mg, 0.41 
mmol), DDQ (92 mg, 0.41 mmol) in toluene (20 mL) was stirred at 70 °C for 24 h 
under nitrogen atmosphere. After cooling to room temperature, the solvent was 
evaporated under reduced pressure, and the crude product was purified by column 
chromatography on silica gel (toluene as eluent) to yield the deep black solid 
product (74 mg, 62 %). 1H NMR and 13C NMR spectra of dye 3-2 in various 
solvents only display broad signals in aromatic region due to strong aggregation 
induced by π-π stacking between the quarterrylene units. Even though we did the 
measurements at elevated temperature such as 100 oC in CDCl2CDCl2 and 
d4-1,2-dichlorobenzene or using mixed solvents such as CDCl3/CS2, we still can 
not resolve this problem. But the purity of this compound can be judged by a 
single peak in MALDI-TOF mass spectrum and only one clear spot on TLC plate. 
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In addition, the UV-vis-NIR and photoluminescence bands are also similar to the 
previous reported analog in which two naphthalene units are linked to the 
peri-position of the N-annulated quaterrylene (reference 12d) and can somewhat 
suppress π-stacking of the rigid aromatic framework. anal. calcd for C108H139N2: C 
88.59, H 9.50, N 1.91; found C 88.71, H 9.70, N 1.59. MS (MALDI-TOF): m/z 













NP 3-5 (100 mg, 0.11 mmol), 3-1029 (61 mg, 0.1 mmol) were stirred in toluene 
(10 mL) under argon. K2CO3 (28 mg, 0.2 mmol) was dissolved in water (2 mL) 
and Pd(PPh3)4 (6 mg, 0.05 equiv) was added. After flushing with argon, the 
reaction mixture was stirred for 16 hours at 80°C. After cooling, water was added 
and the product was extracted with ethyl acetate (3 x 10 mL). The organic layer 
was washed with saturated brine and dried over anhydrous Na2SO4. The solvent 
was removed under vacuum and the residue was purified by column 
chromatography (silica gel, DCM: hexane = 1:1) to give a red waxy solid product. 
Immediately, a mixture of this solid (100 mg), K2CO3 (350 mg, 2.5 mmol) and 
ethanolamine (1 mL) was heated at 160 °C under nitrogen atmosphere for 24 h. 
After cooling, water was added and the mixture was extracted with DCM (3 x 20 
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mL). The organic layer was washed with saturated brine and dried over anhydrous 
Na2SO4. The solvent was removed under vacuum and the residue was purified by 
Preparative TLC (hexane: EA = 10:1) to give a dark green product 3-1 (57 mg, 
52% in two steps). In common with dye 3-2, 1H NMR and 13C NMR spectra of 
dye 3-11 in various solvents only display broad signals in aromatic region due to 
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Chapter 4 Perylene-fused porphyrins as NIR dyes with 
tunable absorption/emission 
 
4.1 N-annulated perylene-fused porphyrins with enhanced near-IR 
absorption and emission 
4.1.1 Introduction 
Large π-systems with near infrared (NIR) absorption/emission1 have attracted 
considerable attention in light of their increasing applications in the fields of solar 
cells,2 nonlinear optics,3 and bioimaging.4 Stimulated by the promising potential, 
scientists have been devoted to developing facile methods for the preparation of 
polycyclic aromatics that do function in the NIR spectral region. Porphyrin or 
metalloporphyrin generally possess intense absorption in the 400-450 nm region 
called Soret band and very weak absorption in the 500-700 nm region named Q 
band. In order to achieve NIR absorption and simultaneously enhance the Q band 
absorption, numerous efforts have been made to the design and synthesis of 
π-extended porphyrins with low symmetry, which include fused porphyrin arrays5 
and aromatic ring-fused porphyrins.6 On the other hand, perylene,7 a key 
chromophore in dye chemistry, has been intensively studied not only owing to its 
remarkable physical properties (large extinction coefficient and high fluorescence 
quantum yield), outstanding chemical, thermal and photochemical inertness, 
nontoxicity and low cost, but also due to the availability of its active sites (peri- or 
bay- positions) which allow further chemical modifications. A recent rising 
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interest is to synthesize rylene bisimides, namely terrylene,8 quaterrylene,9 
pentarylene10 and hexarylene bisimides,10 or to construct push-pull structures11 






























Figure 4.1 Structures of NP-fused porphyrins. 
 
Since both the perylene unit and porphyrin core are attractive and intriguing, 
we envisaged that incorporation of perylene to porphyrin skeleton could lead to 
NIR absorption with unusual properties including high molar extinction 
coefficient and desirable quantum yield as a result of the outstanding physical 
properties of perylene itself and loss of symmetry of porphyrin core. Although 
perylene unit had been covalently attached to porphyrin core through single C-C 
bond,12 the fusion of perylene moiety to porphyrin core, to the best of our 
knowledge, has never been reported presumably due to the lack of appropriate 
active building blocks and the difficulty in the ring closure reaction. Therefore, we 
investigated the synthesis and material properties of the first class of 
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perylene-fused porphyrins 4-1 and 4-2 (Figure 4.1). 
 
4.1.2 Results and discussion 
The major challenge for the synthesis of perylene-fused porphyrins is the 
intramolecular ring cyclization of the singly linked porphyrin-perylene dyads, 
which usually can be prepared by Pd-catalyzed coupling reactions between 
appropriate perylene and porphyrin building blocks. It has been demonstrated that 
the ring fusion of electron-rich metalloporphyrins (e.g. Zn porphyrin) requires the 
second component to be also electron-rich and Sc(OTf)3-DDQ system is usually 
used as the oxidant.5,6 We therefore chose electron-rich N-annulated perylene as 
one of the building blocks in compounds 4-1 and 4-2 because it has been approved 
that N-annulated perylene can undergo self-fusion reactions to give higher order 
















































































































































Scheme 4.1 Synthesis of NP fused porphyrins. 
 
Bulky 4-tert-butylphenyl, 3,5-di-tert-butylphenyl, 3,5-di-tert-butylbenzyl, 
2,6-diisopropylphenyl and branched aliphatic chains were introduced to these 
molecules to surmount the solubility problem and to suppress the aggregation of 
the chromophores in solution. Scheme 4.1 outlines the synthetic route for 
compounds 4-1 and 4-2. The mono-brominated porphyrin 4-4 was first 
synthesized as the key porphyrin building block (see Scheme 4.1 for details). 
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Suzuki coupling between 4-4 and N-annulated perylene boronic ester 4-3 and 
subsequent Zn-metallation of the as-formed porphyrin-perylene dyad gave the key 
intermediate 4-5. The combination of Sc(OTf)3 and DDQ was then applied to 
promote the ring closure of 4-5 and eventually led to the desired compound 4-1. 
Extension of π-conjugation length of 4-1 along the long molecular axis by fusion 
two porphyrin units with one N-annulated perylene is supposed to lead to more 
red-shifted and intense NIR absorption. Thus precursor such as 4-8 was prepared 
by Suzuki coupling reaction between porphyrin boronic ester 4-6 and 
dibrominated N-annulated perylene 4-7 and this was followed by oxidative 
dehydrogenation by Sc(OTf)3/DDQ. However, when the branched alkyl chains 
(i.e., R1 and R2) was used as the substituents, a complicated mixture was obtained 
after cyclodehydrogenation and the separation of this mixture and characterization 
of final product turned out to be very difficult due to the strong aggregation 
tendency of the obtained porphyrin tape. Therefore, bulky 3,5-di-tert-butylphenyl 
(R3) and 3,5-di-tert-butylbenzyl (R4) groups were used and pure porphyrin tape 
4-2 was successfully obtained in 74% yield. The final compound 4-2 did not show 
obvious aggregation in solution and allowed us to separate and characterize it 
more conveniently.  
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 4-2 (1% pyridine in toluene)
 4-5 (e /2)
 4-8 (e /2)
 
Figure 4.2 UV-vis-NIR absorption spectra of 4-1, 4-2, 4-5, and 4-8 in toluene (1.0 × 10-5 
M). The molar extinction coefficients of 4-5 and 4-8 were divided by 2 because of their 
strong absorption around 450 nm. 
 
Compounds 4-1 and 4-2 appear as carmine and brown waxy solids, 
respectively, and are highly soluble in common organic solvents. The absorption 
spectra of the N-annulated perylene-fused porphyrin 4-1 and bis-porphyrin fused 
N-annulated perylene 4-2 in toluene demonstrate a significant bathochromic shift 
of the absorption maximum with respect to those of their precursors 4-5 and 4-8 
(Figure 4.2 and the data are collected in Table 4.1). The absorption maximum of 
4-1 was found at 775 nm while extension of π-conjugation length along the long 
molecular axis in 4-2 apparently leads to a bathochromic shift with absorption 
maximum at 952 nm. Addition of a small amount of pyridine to the toluene 
solution of 4-2 further promotes the absorption maximum to 981 nm, probably 
due to the coordination of pyridine to Zn(II) which is effective to suppress the 
aggregation of porphyrin tapes.  
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Figure 4.3 Normalized photoluminescence (excitation wavelength = 700 nm and 920 nm, 
respectively) spectra of compounds 4-1 and 4-2. The concentrations for the emission 
measurements in toluene are 1 x 10-6 M. 
 
Perylene-fused porphyrins 4-1 and 4-2 exhibit remarkably intense NIR 
absorption in toluene with molar extinction coefficients ε = 40000 and 119000 
M-1cm-1 at long wavelength maximum, respectively. Such intense NIR 
absorptions, especially the molar extinction coefficient of 4-2, have seldom been 
reported among aromatic compound-fused porphyrin analogs.6 Also noteworthy is 
that compound 4-1 shows NIR photoluminescence with emission maximum at 800 
nm (Figure 4.3 and Table 4.1) and the photoluminescence quantum yield was 
measured as 5.6%. Considering the relatively low photoluminescence quantum 
yield of porphyrin tapes in NIR region, this value is acceptable. In adidtion, the 
absorption maximum of 4-2 is comparable to that of meso-β doubly linked Zn (II) 
porphyrin trimer,5g but much longer than that of tri-N-annulated hexarylene.13d 
Different from porphyrin trimers,5g the bis-porphyrin fused N-annulated perylene 
4-2 shows detectable fluorescence with emission maximum at 982 nm in toluene 
containing 1% pyridine and a photoluminescent quantum yield of 0.8% was 
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determined (Figure 4.3 and Table 4.1). Such an enhancement in NIR 
absorption/emission in 4-1 and 4-2 can be accounted for the introduction of 
perylene unit which has a high molecular absorbability and high fluorescence 
quantum yield. Due to their low emission quantum yields and expected short 
excited state lifetimes, their excited state lifetimes were measured by using 
femtosecond pump probe experiments (see experimental section for details). Their 
average excited state lifetimes were determined to be 245 ps and 221 ps for 4-1 
and 4-2, respectively, which are consistent with their emission quantum yield data.  
 
Figure 4.4 Optimized structures and frontier molecular orbital profiles of compounds 4-1 
and 4-2 (the arrow indicates the dipole moments). 
 
Time-dependent density functional theory (TDDFT at B3LYP/6-31G**) 
calculations were conducted for 4-1 and 4-2 to further understand their geometric 
and electronic structures. Their optimized molecular structures, dipole moments 
and frontier molecular orbital profiles are shown in Figure 4.4. The perylene 
moieties in 4-1 and 4-2 slightly deviate from porphyrin plane due to the steric 
hindrance between the β-proton of porphyrin and the meta-proton of the perylene 
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core. The asymmetry in 4-1 and 4-2 obviously gives rise to different dipole 
moments, which are calculated as 3.1439 D, and 1.8457 D, respectively. TDDFT 
calculations predict that each compound exhibits three major absorption bands, 
which were also observed in Figure 4.2. The longest absorption maxima for 4-1 
and 4-2 are calculated to be 706.6 and 895.4 nm, respectively, and such tendency 
also agrees well with our experimental results. 
-1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8
 4-1
 4-2






Figure 4.5 Cyclic voltammograms of compounds 4-1 and 4-2 in dichloromethane with 
0.1 M Bu4NPF6 as supporting electrolyte, AgCl/Ag as reference electrode, Au disk as 
working electrode, Pt wire as counter electrode, and scan rate at 20 mV/s. Fc/Fc+ was 
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982  0.8 -0.08, 0.40, 0.65, 0.81 -1.31 -4.61  -3.58   
Table 4.1 Summary of photophysical and electrochemical properties of compounds 4-1 
and 4-2. Eoxn and Eredn are half-wave potentials for respective redox waves with Fc/Fc+ as 
reference. HOMO and LUMO energy levels were calculated from the first oxidation and 
reduction waves according to equations: HOMO = - (4.8 + Eox1) and LUMO = - (4.8 + 
Ered1). a) Obtained in toluene solution containing 1% pyridine. 
 
 
The electrochemical properties of compounds 4-1 to 4-2 were investigated by 
cyclic voltammetry in dry DCM (Figure 4.5 and Table 4.1). The cyclic 
voltammogram of 4-1 exhibits two reversible oxidation waves with half-wave 
potentials (Eoxn) at 0.12 and 0.47 V (vs. Fc+/Fc) while four reversible oxidative 
waves with Eoxn at -0.08, 0.40, 0.65, 0.81 V were measured for 4-2. It is obvious 
that the perylene-fused porphyrin tape 4-2 has a larger extended pi-system and can 
stabilize multiple charges. The lower first oxidation potential observed for 4-2 can 
be explained by the extended π-conjugation between the three fused electron-rich 
units. Furthermore, both compounds show one reversible oxidation wave, with 
Ered at -1.42 and -1.31 V for 4-1 to 4-2, respectively. It is worth noting that despite 
extremely narrow band gaps and high electron density, 4-1 and 4-2 are stable upon 
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exposure to ambient conditions, whereas the bis-N-annulated quarterrylene can be 
readily oxdized by singlet oxygen in the air.13c This obseration clearly 
demonstrates that the porphyrin unit is able to stablize the highly conjugated 
system with electron-rich character.  
 
4.1.3 Conclusion 
In summary, electron-rich N-annulated perylene was successfully fused to the 
porphyrin core for the first time to form compounds 4-1 to 4-2 with intense NIR 
absorption/emission and different electrochemical behavior. Porphyrin unit turns 
out be effective to stablize highly electron-rich pi-system. In particular, dye 4-1 
shows an acceptable fluorescence quantum yield which is typically difficult to 
achieve for porphyrin-based materials. Further extension of the conjugation from 
4-1 to 4-2 results in intense NIR absorption, which is comparable to that of 
porphyrin trimer. However, N-annulated perylene fused porphyrin 2 has the 
advantages of high solubility, easy preparation, and detectable photoluminescence 
quantum yield. Further studies on the non-linear optical properties (e.g. 
two-photon absorption) of these dyes for potential optical limiting applications as 
well as the synthesis of their higher homologs with more extended conjugation are 
currently underway in our laboratories. 
 
4.1.4 Experimental section 
4.1.4.1 General 
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All reagents were purchased from commercial suppliers and used as received 
without further purification. Anhydrous dichloromethane (DCM) and N, 
N-dimethylformaldehyde (DMF) were distilled from CaH2. Toluene and THF 
were distilled from sodium-benzophenone immediately prior to use. The 1H NMR 
and 13C NMR spectra were recorded in solution of CDCl3 or C6D6 on Bruker DPX 
300 or DRX 500 NMR spectrometer with tetramethylsilane (TMS) as the internal 
standard. The chemical shift was recorded in ppm and the following abbreviations 
were used to explain the multiplicities: s = singlet, d = doublet, t = triplet, m = 
multiplet, br = broad. MALDI-TOF mass spectra were measured on a Bruker 
Autoflex MALDI-TOF instrument using 1,8,9-trihydroxyanthracene as a matrix. 
EI mass spectra were recorded on Agilent 5975C DIP/MS mass spectrometer. 
Elemental analyses (C, H, N) were performed on a Vario EL Elementar 
(Elementar Analyzen-systeme, Hanau, Germany). UV-vis absorption was recorded 
on Shimadzu UV-1700 spectrometer and PerkinELmer Lambda 950 spectrometer. 
Fluorescence spectra were recorded on a RF-5301 fluorometer and on a Fluorolog 
3 spectrofluorimeter (ISA Inc.) equipped with a cooled IR-sensitive 
photomultiplier (R2658, Hamamatsu Inc.). IR spectra were obtained on a Varian 
3100 FT-IR instrument. The electrochemical measurements were carried out in 
anhydrous DCM with 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) 
as the supporting electrolyte at a scan rate of 0.02 V/s at room temperature under 
the protection of nitrogen. A gold disk was used as working electrode, platinum 
wire was used as counting electrode, and Ag/AgCl (3 M KCl solution) was used 
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as reference electrode. The fluorescence quantum yields were measured by optical 
dilute method (A < 0.05) using cardiogreen (λabs, max = 780 nm, Ф = 0.13 in 
DMSO)
14 
as reference. The solvents used for UV-vis and PL measurements are of 
HPLC grade (Merck). The transient absorption and pump probe experiments were 
performed by using a Spectra-physics Ti:sapphire oscillator seeded amplifier laser 
system. The amplifier gives an output with a central wavelength of 800 nm and a 
repetition rate of 1 kHz.  
 
4.1.4.2 Detailed synthetic procedures and characterization data 
   Compounds 4-1 to 4-2 were prepared according to Scheme 4.1. The building 
blocks 4-4 and 4-615 were synthesized by following similar literature approaches 
as shown in Scheme 4.1. Compound 4-3 was prepared from 4-1313c. Compound 







A flame-dried three-necked round-bottom flask was charged with 
dipyrromethane2a (292 mg, 1 equiv), the aldehyde (312 mg, 1 equiv), and 
anhydrous DCM (500 mL). The solution was then degassed with an argon stream 
for 15 minutes. Trifluoroacetic acid (16 μL, 0.1 equiv) was added and the reaction 
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mixture was vigorously stirred in the dark for 12 hours. DDQ (547 mg, 1.2 equiv) 
was added to the reaction and the mixture was further stirred for 30 minutes. 
Triethylamine (2 mL) was added to neutralize the reaction mixture. The solvent 
was removed under vacuum and the residue was purified by column 
chromatography (silica gel, DCM: hexane = 1:3) to give a purple solid product 
4-9 (200 mg, 36%). 1H NMR (CDCl3, 500 MHz) δ: 10.18 (s, 2H), 9.56 (d, J = 4.4 
Hz, 4H), 9.41 (d, J = 5.1 Hz, 4H), 5.05-5.10 (m, 2H), 4.72-4.76 (m, 2H), 
2.66-2.68 (m, 2H), 1.07-1.75 (m, 20H), 0.83-0.88 (m, 12H), -2.83 (s, 2H). 13C 
NMR (CDCl3, 125 MHz), δ: 148.1, 144.1, 131.7, 128.3, 117.7, 104.4, 41.73, 
41.66, 39.3, 38.3, 28.0, 25.3, 22.7, 22.6, 20.4. anal. calcd for C38H50N4: C, 81.09; 









NBS (180 mg, 1.0 equiv) was added to a solution of 4-9 (562 mg, 1.0 equiv) in 
degassed CHCl3 (20 mL) and the mixture was stirred for 10 min under a N2 
atmosphere at 0 °C in the dark. The reaction mixture was poured into water and 
extracted with CHCl3. The organic layer was washed with brine and water, dried 
with anhydrous Na2SO4, and then evaporated to remove the solvent. The crude 
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product contains the major monobrominated porphyrin 4-10 and a small amount 
of dibrominated porphyrin which can not be separated at this stage, thus it was 
used directly for next step. The purple residue, 3,5-di-tert-butyl phenylboronic 
ester (501 mg, 1.6 equiv), Pd(PPh3)4 (60 mg, 0.05 equiv) and Cs2CO3 (650 mg, 
2.0 equiv) were dissolved in a mixture of degassed toluene (20 mL) and DMF (10 
mL), and the mixture was stirred for 36 hours at 96 °C. After cooling, water was 
added and the product was extracted with ethyl acetate (3 x 30 mL). The organic 
layer was washed with saturated brine and dried over anhydrous Na2SO4. The 
solvent was removed under vacuum and the residue was purified by column 
chromatography (silica gel, toluene: hexane = 1:4) to give a purple solid product 
4-11 (525 mg, 70% from 4-9 in two steps). 1H NMR (CDCl3, 500 MHz) δ: 10.08 
(s, 1H), 9.56 (d, J = 4.4 Hz, 2H), 9.48 (d, J = 4.5 Hz, 2H), 9.36 (d, J = 5.0 Hz, 2H), 
9.00 (d, J = 5.1 Hz, 2H), 8.14 (m, 2H), 7.90 (s, 1H), 5.07-5.11 (m, 2H), 4.72-4.77 
(m, 2H), 2.72-2.73 (m, 2H), 0.90-1.79 (m, 48H), -2.70 (s, 2H). 13C NMR (CDCl3, 
125 MHz), δ: 148.4, 147.8, 142.2, 132.1, 131.4, 129.7, 129.66, 128.6, 127.7, 
121.0, 120.96, 118.0, 103.6, 41.9, 41.7, 39.4, 38.4, 35.1, 31.8, 29.7, 28.0, 25.3, 
22.8, 22.6, 20.4. anal. calcd for C52H70N4: C, 83.15; H, 9.39; N, 7.46; found C 










NBS (106 mg, 1.1 equiv) was added to a solution of 4-11 (400 mg, 1 equiv) in 
degassed CHCl3 (20 mL) and the mixture was stirred for 10 min under a N2 
atmosphere at 0 °C in the dark. The reaction mixture was poured into water and 
extracted with CHCl3. The organic layer was washed with brine and water and 
dried over anhydrous Na2SO4. Then the solvent was evaporated under reduced 
pressure and the crude product was purified by column chromatography on silica 
gel (hexane: DCM = 3:1) to give a purple solid 4-4 (400 mg, 91%). 1H NMR 
(CDCl3, 300 MHz) δ: 9.71 (d, J = 5.0 Hz, 2H), 9.41 (d, J = 5.0 Hz, 2H), 9.39 (d, J 
= 5.0 Hz, 2H), 8.94 (d, J = 4.8 Hz, 1H), 8.13 (m, 2H), 7.91 (s, 1H), 4.92-4.99 (m, 
2H), 4.58-4.65 (m, 2H), 2.65 (m, 2H), 0.91-1.67 (m, 48H), -2.61 (s, 2H). 13C 
NMR (CDCl3, 125 MHz), δ: 148.7, 141.5, 139.3, 132.3, 129.8, 129.6, 129.4, 128.3, 
121.5, 121.1, 119.1, 114.1, 101.9, 42.1, 41.7, 39.3, 38.2, 35.1, 31.8, 29.7, 28.0, 
25.2, 22.7, 22.6, 20.2. anal. calcd for C52H69BrN4: C, 75.24; H, 8.38; Br, 9.63; N, 







This new compound was prepared from N-annulated perylene by the identical 
procedure which was previously reported by us. 1H NMR (CDCl3, 500 MHz) δ: 
8.67 (d, J = 7.6 Hz, 2H), 8.32 (d, J = 8.2 Hz, 1H), 8.20 (d, J = 8.2 Hz, 1H), 8.07 (d, 
J = 3.2 Hz, 1H), 7.87-7.90 (m, 1H), 7.76-7.79 (m, 1H), 7.73 (s, 1H), 7.67 (d, J = 
8.8 Hz, 2H), 7.61 (d, J = 8.2 Hz, 2H), 4.45-4.53 (m, 2H), 2.20-2.21 (m, 1H), 1.47 
(s, 9H), 1.26-1.42 (m, 8H), 0.93 (t, J = 7.6 Hz, 3H), 0.85 (t, J = 7.6 Hz, 3H). 13C 
NMR (CDCl3, 125 MHz), δ: 150.2, 138.8, 130.0, 129.9, 127.9, 125.4, 125.3, 124.9, 
124.6, 124.5, 121.4, 121.3, 117.1, 114.1, 49.9, 41.2, 34.7, 31.5, 30.8, 28.6, 24.2, 
23.0, 14.0, 10.8. anal. calcd for C38H38BrN: C, 77.54; H, 6.51; Br, 13.57; N, 2.38. 










A 50 mL Schlenk flask was charged with N-annulated perylene monobromide 
4-13 (589 mg, 1 equiv), pinacolborane (512 mg, 4 equiv), triethylamine (0.83 mL, 
6 equiv), PdCl2(PPh3)2 (42 mg, 0.06 equiv) and 1,2-dichloroethane (20 mL) under 
argon. The reaction mixture was stirred for 3 hours at 90°C. After removal of the 
solvent, the crude product was purified by column chromatography (silica gel, 
hexane: DCM = 4:1) to give a yellow solid product 4-3 (583 mg, 92%). 1H NMR 
(CDCl3, 500 MHz) δ: 9.01 (d, J = 8.2 Hz, 1H), 8.70 (d, J = 7.6 Hz, 1H), 8.69 (d, J 
= 7.6 Hz, 1H), 8.46 (s, 1H), 8.17 (d, J = 8.2 Hz, 1H), 7.87-7.90 (m, 1H), 7.76-7.79 
(m, 2H), 7.68 (d, J = 8.2 Hz, 2H), 7.61 (d, J = 8.2 Hz, 2H), 4.61-4.64 (m, 2H), 
2.28-2.31 (m, 1H), 1.52 (s, 12H), 1.47 (s, 9H), 1.27-1.45 (m, 8H), 0.95 (t, J = 7.6 
Hz, 3H), 0.87 (t, J = 7.6 Hz, 3H). 13C NMR (CDCl3, 125 MHz), δ: 150.1, 139.0, 
138.5, 133.1, 132.5, 132.1, 130.8, 130.4, 130.0, 127.8, 126.7, 125.3, 124.8, 124.4, 
124.3, 122.6, 120.9, 120.4, 120.0, 116.6, 114.2, 83.6, 49.7, 41.2, 34.7, 31.5, 30.7, 
28.5, 25.10, 25.06, 24.2, 23.0, 14.1, 10.8. anal. calcd for C44H50BNO2: C, 83.13; H, 
7.93; B, 1.70; N, 2.20; O, 5.03. found C 83.20, H 7.78, N 2.31. MS (EI): m/z = 












Porphyrin 4-4 (83 mg, 1 equiv), boronic ester 4-3 (70 mg 1.1 equiv), Pd(PPh3)4 (6 
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mg, 0.05 equiv) and Cs2CO3 (65 mg, 2.0 equiv) were dried under vacuum and 
then purged with argon. Then degassed toluene (5 mL) and DMF (2 mL) were 
added and the mixture was stirred for 36 hours at 96 °C and after cooling, water 
was added and the product was extracted with ethyl acetate (3 x 10 mL). The 
organic layer was washed with saturated brine and dried over anhydrous Na2SO4. 
The solvent was removed under vacuum and the residue was purified by column 
chromatography (silica gel, DCM: hexane = 1:3) to give a brown waxy solid 
product. Immediately, this solid was dissolved in CHCl3 (10 mL), and a saturated 
solution of Zn(OAc)2 in methanol (3 mL) was added slowly. The mixture was 
stirred for 3 hours at 50 °C. After removal of the solvents, the crude product was 
purified by column chromatography (silica gel, hexane: DCM = 3:1) to give a 
yellow solid product 4-5 (80 mg, 59% in two steps). 1H NMR (CDCl3, 500 MHz) 
δ: 9.62 (d, J = 4.5 Hz, 2H), 9.49 (d, J = 3.2 Hz, 2H), 9.12 (d, J = 5.9 Hz, 2H), 8.94 
(d, J = 5.1 Hz, 2H), 8.82 (d, J = 7.6 Hz, 1H), 8.70 (d, J = 7.0 Hz, 2H), 8.37 (d, J = 
8.2 Hz, 1H), 8.22 (m, 1H), 8.17 (m, 1H), 8.01 (s, 1H), 7.89-7.92 (m, 2H), 7.85 (d, 
J = 8.2 Hz, 2H), 7.73 (d, J = 8.2 Hz, 2H), 7.45-7.49 (m, 1H), 7.21-7.23 (m, 1H), 
5.13 (m, 2H), 4.75-4.80 (m, 4H), 2.77 (m, 2H), 2.43-2.45 (m, 1H), 0.78-1.82 (m, 
73H). 13C NMR (CDCl3, 125 MHz), δ: 151.1, 151.03, 150.93, 150.89, 150.7, 
150.1, 149.5, 148.5, 142.2, 139.2, 137.9, 137.4, 133.6, 132.7, 132.3, 132.1, 131.7, 
130.8, 130.4, 130.1, 129.72, 129.68, 129.64, 129.2, 128.1, 126.5, 125.4, 125.2, 
124.7, 124.5, 123.5, 121.8, 121.2, 120.8, 120.5, 120.1, 119.6, 117.9, 117.6, 117.2, 
114.5, 50.1, 42.5, 41.8, 41.3, 39.3, 38.5, 38.4, 35.1, 34.7, 31.9, 31.8, 31.63, 31.58, 
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31.46, 31.0, 30.2, 29.71, 29.67, 29.4, 28.5, 28.0, 25.3, 24.3, 23.1, 22.7, 22.6, 20.5, 
20.4, 14.1, 14.0, 10.8. anal. calcd for C90H105N5Zn: C, 81.75; H, 8.00; N, 5.30; Zn, 
4.95. found C 81.50, H 7.92, N 5.22. MS (MALDI-TOF): m/z = 1320.558 (M+H)+; 












A mixture of compound 4-5 (70 mg, 1 equiv), Sc(OTf)3 (130 mg, 5 equiv), DDQ 
(60 mg, 5 equiv) in toluene (20 mL) was stirred at 57 °C for 9 h under nitrogen 
atmosphere. After cooling to room temperature, triethylamine (2 mL) was added 
and the mixture was further stirred at room temperature for 0.5 h. Then the 
solvents were evaporated under reduced pressure, and the crude product was 
purified by column chromatography on silica gel (toluene as eluent) and washed 
with cold methanol to yield the purple solid 4-1 (20 mg, 29%). 1H NMR (CDCl3, 
500 MHz) δ: 10.22 (s, 1H), 9.47 (d, J = 4.4 Hz, 1H), 9.45 (d, J = 8.2 Hz, 1H), 9.27 
(d, J = 8.4 Hz, 1H), 9.22 (d, J = 3.8 Hz, 1H), 9.11 (d, J = 4.5 Hz, 1H), 9.05 (d, J = 
7.6 Hz, 1H), 8.93 (d, J = 5.1 Hz, 1H), 8.73-8.75 (m, 2H), 8.70 (s, 1H), 8.38 (d, J = 
8.2 Hz, 1H), 7.98-8.01 (m, 3H), 7.89 (s, 1H), 7.81 (s, 1H), 7.78 (d, J =8.2 Hz, 2H), 
7.69 (d, J =8.2 Hz, 2H), 5.38-5.42 (m, 2H), 4.77-4.78 (m, 4H), 2.80-2.99 (m, 2H), 
0.77-1.53 (m, 74H). 13C NMR (CDCl3, 125 MHz), δ: 153.1, 147.7, 147.6, 147.1, 
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139.3, 138.6, 138.5, 135.2, 132.5, 130.9, 130.2, 128.8, 125.0, 124.5, 124.0, 119.1, 
114.3, 114.1, 38.8, 34.9, 34.5, 32.2, 31.9, 31.4, 30.4, 30.2, 29.7, 29.6, 29.4, 28.9, 
26.4, 23.8, 23.4, 23.0, 22.7, 14.1, 14.0, 11.0. anal. calcd for C90H105N5Zn: C, 81.88; 
H, 7.86; N, 5.30; Zn, 4.95. found C 81.50, H 7.72, N 5.23. MS (MALDI-TOF): 
m/z = 1318.822 (M+H)+; calcd. for C90H103N5Zn: 1317.750. IR (KBr):  = 2954, 








This new compound was prepared from N-annulated perylene by the identical 
procedure which was previously reported by us. 3 1H NMR (CDCl3, 300 MHz) δ: 
8.45 (d, J = 7.4 Hz, 2H), 8.21 (d, J = 8.2 Hz, 2H), 7.76-7.81 (m, 2H), 7.73-7.79 (s, 
2H), 7.37 (s, 1H), 7.07 (s, 2H), 5.49 (s, 2H), 1.23-1.42 (s, 18H). 13C NMR (CDCl3, 
75 MHz), δ: 151.6, 135.6, 131.3, 129.5, 127.5, 125.3, 124.8, 123.5, 122.0, 121.6, 
121.4, 117.8, 117.1, 116.0, 31.3, 29.6. anal. calcd for C35H31Br2N: C, 67.21; H, 
5.00; Br, 25.55; N, 2.24. found C 67.50, H 5.14, N 2.03. MS (EI): m/z = 625.1; 











Compound 4-12 (100 mg) was dissolved in CHCl3 (10 mL), and a saturated 
solution of Zn(OAc)2 in methanol (3 mL) was added slowly. The mixture was 
stirred for 3 hours at 50 °C. After removal of the solvents, the crude product was 
purified by column chromatography (silica gel, hexane: DCM = 3:1) to give a red 
solid product. A 50 mL Schlenk flask was charged with this red solid (102 mg, 1 
equiv), pinacolborane (51 mg, 4 equiv), triethylamine (0.083 mL, 6 equiv), 
PdCl2(PPh3)2 (4 mg, 0.06 equiv) and 1,2-dichloroethane (10 mL) under argon. The 
reaction mixture was stirred for 3 hours at 90 °C. After removal of the solvent, the 
crude product was purified by column chromatography (silica gel, hexane: DCM 
= 2:1) to give the red solid product 4-6 (90 mg, 86%). 1H NMR (CDCl3, 300 MHz) 
δ: 9.92 (d, J = 4.6 Hz, 2H), 9.12 (d, J = 4.8 Hz, 2H), 9.01 (s, 4H), 8.10 (d, J = 1.7 
Hz, 4H), 8.08 (d, J = 1.2 Hz, 2H), 7.81 (t, J = 1.7 Hz, 2H), 7.79 (t, J = 1.8 Hz, 1H), 
1.87 (s, 12H), 1.55 (s, 36H), 1.52 (s, 18H). 13C NMR (CDCl3, 75 MHz), δ: 154.3, 
150.6, 150.2, 149.5, 148.5, 148.4, 141.9, 141.8, 133.3, 132.5, 132.3, 131.6, 129.6, 
129.5, 124.0, 122.2, 120.7. anal. calcd for C68H83BN4O2Zn: C, 76.72; H, 7.86; B, 
1.02; N, 5.26; O, 3.01; Zn, 6.14. found C 76.80, H 7.94, N 5.44. MS (EI): m/z = 
  100




















Porphyrin boronic ester 4-6 (255 mg 2.4 equiv), 4-7 (63 mg 1 equiv), Pd(PPh3)4 
(12 mg, 0.1 equiv) and Cs2CO3 (130 mg, 4 equiv) were dried under vacuum and 
then purged with argon. To this degassed toluene (10 mL) was added and the 
mixture was stirred for 36 hours at 96 °C. After cooling, water was added and the 
product was extracted with ethyl acetate (3 x 10 mL). The organic layer was 
washed with saturated brine and dried over anhydrous Na2SO4. The solvent was 
removed under vacuum and the residue was purified by column chromatography 
(silica gel, DCM: hexane = 1:3) to give a red waxy solid product 4-8 (180 mg, 
77%). 1H NMR (CDCl3, 500 MHz) δ: 9.06-9.08 (m, 8H), 8.95 (s, 8H), 8.82 (d, J = 
7.6 Hz, 2H), 8.76 (s, 2H), 8.12-8.22 (m, 14H), 7.82-7.84 (m, 7H), 7.56-7.61 (m, 
2H), 7.43 (d, J = 8.2 Hz, 2H), 6.07 (s, 2H), 1.56 (s, 108H), 1.03 (s, 18H). 13C 
NMR (CDCl3, 125 MHz), δ: 151.5, 151.4, 150.6, 150.5, 150.3, 148.6, 148.5, 
148.48, 142.0, 141.9, 137.8, 136.7, 133.7, 132.6, 132.2, 132.1, 131.7, 130.4, 129.7, 
129.6, 126.9, 125.1, 123.8, 122.9, 122.4, 121.7, 121.0, 120.8, 120.5, 118.9, 118.3, 
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35.07, 35.05, 34.7, 31.82, 31.78, 31.3. anal. calcd for C159H173N9Zn2: C, 81.58; H, 
7.45; N, 5.39; Zn, 5.59. found C 81.40, H 7.66, N 5.23. MS (MALDI-TOF): m/z = 




















A mixture of compound 4-8 (50 mg, 1 equiv), Sc(OTf)3 (105 mg, 10 equiv), 
DDQ (49 mg, 10 equiv) in toluene (20 mL) was stirred at 57 °C for 19 h under 
nitrogen atmosphere. After cooling to room temperature, triethylamine (1 mL) 
was added and the mixture was further stirred at room temperature for 0.5 h. Then 
the solvents were evaporated under reduced pressure, and the crude product was 
purified by column chromatography on silica gel (toluene as eluent) to yield the 
black solid 4-2 (37 mg, 74 %). 1H NMR (C6D6, 500 MHz) δ: 9.90 (s, 2H), 9.51 (d, 
J = 4.4 Hz, 2H), 9.36 (d, J = 4.4 Hz, 2H), 9.08 (m, 8H), 9.02 (d, J = 8.2 Hz, 2H), 
8.94 (d, J = 7.6 Hz, 2H), 8.88 (s, 2H), 8.56 (s, 4H), 8.48 (s, 4H), 8.39 (s, 4H), 8.14 
(s, 2H), 8.06 (s, 2H), 7.97 (s, 4H), 7.78 (s, 1H), 5.59 (s, 2H), 1.63 (s, 36H), 1.60 (s, 
36H), 1.51 (s, 36H), 1.44 (s, 18H). 13C NMR (C6D6, 125 MHz), δ: 152.1, 151.8, 
151.6, 151.3, 150.5, 150.3, 150.2, 149.2, 149.1, 149.0, 148.9, 147.4, 143.0, 142.7, 
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137.8, 135.1, 124.5, 124.0, 122.9, 122.5, 121.1, 121.0, 119.3, 59.8, 35.1, 35.0, 
34.9, 31.8, 31.7, 31.6. anal. calcd for C159H169N9Zn2: C, 81.72; H, 7.29; N, 5.39; 
Zn, 5.60. found C 81.52, H 7.56, N 5.29. MS (MALDI-TOF): m/z = 2336.414 
(M+H)+; calcd. for C159H169N9Zn2: 2335.209. IR (KBr):  = 2954, 2924, 2854, 
1460, 1262, 1025, 800 cm-1. 
 
4.1.4.3 Transient absorption and pump probe experiments 
  We also tried to measure the emission lifetimes of compounds 4-1 to 4-2. Due 
to their low emission quantum yields, their emission lifetimes (excited state 
lifetimes) are expected to be about tens to hundreds of picosecond, which are very 
close to the typical instrumental response time of our time-correlated single 
photon counting (TCSPC) instruments (~100 ps). Femtosecond transient 
absorption and pump probe experiments were performed instead to obtain their 
excited state lifetimes. The experiments were performed by using a 
Spectra-physics Ti: sapphire oscillator seeded amplifier laser system. The 
amplifier gives an output with a central wavelength of 800 nm and a repetition 
rate of 1 kHz. The 800 nm beam was used as the pump beam to excite all the 
samples. A white light continuum, which was generated by focusing portion of 
800 nm beam at a sapphire plate, was used as the probe beam. The experiments 
were conducted in 1 x 10-4 M solutions in toluene. The probe wavelengths of 850 
and 1000 nm were chosen for 4-1 to 4-2, respectively, to present their excited state 
decay profiles. The decay profile of compound 4-1 can be fit with single 
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exponential, while compound 4-2 displays double exponential decay profiles. 
Their average excited state lifetimew were determined to be 245 ps and 221 ps for 




4.2 Doubly and triply fused porphyrin-perylene monoimides with large 
dipole moment and high photostability 
4.2.1 Introduction 
A general strategy used to obtain aromatic ring-fused porphyrins is the 
intramolecular ring-closure reaction of the singly linked porphyrin-aromatic ring 
dyads, which normally can be prepared by Pd-promoted cross-coupling reactions 
between appropriate derivatives of aromatic compounds and porphyrin building 

















































Figure 4.6 Structures of perylene-fused porphyrins 
 
In Chapter 4.1, we reported the syntheses of N-annulated perylene fused 
porphyrins (4-1 and 4-2 in Figure 4.6) with enhanced NIR absorption and 
emission. Although 4-1 and 4-2 are stable upon exposure to visible light, their 
solutions gradually decompose upon UV irradiation. The moderate stability of 4-1 
and 4-2 can be attributed to the high electron density in these highly conjugated 
  105
systems, making them slowly oxidized by singlet oxygen in the air upon 
irradiation with UV light. In our previous work in chapter 3,13c we have found that 
the electron-withdrawing dicarboxylic imide groups can significantly lower the 
high-lying HOMO energy level of the respective N-annulated perylene and 
quarterrylene, which are unstable upon long term exposure to air and light. 
Perylene monoimide, possessing strong electron-withdrawing imide group, was 
thus considered to be a rational building block to replace the relatively 
electron-rich N-annulated perylene unit in the perylene-fused porphyrin 
compounds. Herein, we present an unprecedented one-pot synthesis of doubly and 
triply linked porphyrin-perylene monoimides 4-14 and 4-15 (Figure 4.6), which 
are expected to possess improved stability compared to the electron-rich dyes 4-1 
and 4-2. In the meanwhile, a “push-pull” structure is constructed in 4-14 and 4-15 
that can result in further red-shift of the absorption spectra. More importantly, 
such a push-pull structure can facilitate a fast electron injection from the excited 
dye to the conduction band of TiO2 in dye-sensitized solar cells,2 thus qualifying 
4-14 and 4-15 as promising light-harvesting NIR dyes after replacement of the 
2,6-diisopropylphenyl groups with an anchoring group.16 The connection between 
the perylene and porphyrin unit can also be modified by chemistry, with doubly 
peri-meso; peri-β linkage in 4-14 and triply peri-β; peri-meso; meta-β’ linkage in 
4-15 and such difference should also result in tunable optical and electronic 
properties. Given the electron-withdrawing character of carboximide and the 
difficulty in fusing the inactive aromatic compound to the porphyrin core, new 
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cyclization method will have to be developed. 
 






















R1 = b) Ni(acac)2, toluene
59% for two steps;
FeCl3a) Pd(PPh3)4, Cs2CO3
 
Scheme 4.2 Synthesis of perylene monoimide-fused porphyrins 
 
As shown in Scheme 4.2, porphyrin monobromide 4-1617 was chosen as the 
key intermediate with the aim of enhancing the solubility of the target molecules. 
Precursor 4-18 was synthesized by Suzuki coupling of 4-16 with 4-1718 followed 
by metallation. Ring closure of 4-18 using Sc(OTf)3/DDQ herein could not afford 
cyclized compound of the perylene monoimide fused porphyrin because of the 
presence of electron-deficient carboximide group, thus other conditions for the 
cyclodehydrogenation had to be used. Iron(III) chloride is known as a mild 
oxidant for the cyclodehydrogenation of many branched oligophenylenes into 
polycyclic aromatic hydrocarbons.19 Recently, this reagent has been successfully 
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applied for the preparation of naphthyl-fused porphyrin carboxylic acid.6f Since 
the Zn-porphyrin usually undergoes demetallation reaction upon treatment with 
strong Lewis acid including FeCl3, herein Ni-containing porphyrin precursor 4-18 
was used. Cyclization of 4-18 with 10-fold excess FeCl3 at reflux condition in 
anhydrous dichloromethane (DCM) generated doubly linked porphyrin–perylene 
monoimide 4-14 in 38% yield, which appeared in purple color. To our surprise, an 
unanticipated green compound was also isolated in 25% yield, which has been 
proven to be the triply linked porphyrin–perylene monoimide 4-15 as confirmed 
by MALDI-TOF mass spectrometry and 1D and 2D 1H NMR characterization. To 
the best of our knowledge, this is the first example to demonstrate that not only 
the peri-positions, but also the meta-position of perylene monoimide can be 
involved in the cyclodehydrogenation to form a highly π-conjugated system. Such 
an unusual multiple C-C bond formation could be accounted for the high 
reactivity of the Ni-porphyrin at the β positions20 and the refluxing reaction 
condition. Moreover, no any cyclized product was obtained when the reaction was 
carried out at room temperature. 
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Wavelength (nm)  
Figure 4.7 UV-vis-NIR absorption spectra of 4-14 and 4-15 in toluene (1.0 x 10-5 M). 
 
The compounds 4-14 and 4-15 have good solubility in common organic 
solvents. As shown in Figure 4.7, both 4-14 and 4-15 show broad absorption 
spectra which cover the entire visible and a part of NIR spectral regions. The 
absorption maximum of 4-14 was found at 803 nm while a further red shift of 94 
nm was observed for 4-15 compared with 4-14, owing to the higher conjugation in 
4-15. Noteworthy is that perylene monoimide-fused porphyrins 4-14 and 4-15 
exhibit remarkably intense NIR absorption, with molar extinction coefficients ε = 
91000, 59000 M-1cm-1 at long wavelength maximum, respectively. Compound 
4-14, in particular, displays the strongest Q bands among aromatic ring-fused 
mono-porphyrin hybrid molecules. Unlike N-annulated perylene fused porphyrins 
4-1 and 4-2, compounds 4-14 and 4-15, possessing electron-deficient perylene 
monoimide as well as electron-donating porphyrin, only exhibit very weak 
fluorescence,21 presumably due to the intramolecular charge transfer as well as the 
presence of Ni-porphyrins, both of which quenches fluorescence. 
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Figure 4.8 Optimized structures and frontier molecular orbital profiles of compounds 
4-14 and 4-15 (the arrow indicates the dipole moments). 
 
Time-dependent density function theory (TDDFT at B3LYP/6-31G**) 
calculations were conducted for 4-14 and 4-15 to further understand their 
geometric and electronic structures. Their optimized molecular structures, dipole 
moments and the frontier molecular orbital profiles are shown in Figure 4.8. The 
perylene moiety in 4-14 slightly deviates from porphyrin plane due to the steric 
hindrance between the β-proton of porphyrin and the meta-proton of the perylene 
core, while the entire molecule 4-15 turns out to be a bowl shape due to the fusion 
of five-membered ring. The HOMO is predominantly localized on the porphyrin 
core while the LUMO is mainly localized on the perylene monoimide unit for 
both 4-14 and 4-15, and this asymmetry obviously gives rise to different dipole 
moments, which are calculated as 9.8820 D and 11.5403 D, respectively. Such 
orbital partitioning and large dipole moments are beneficial to sensitizer for 
dye-sensitized solar cells. TDDFT calculations also predict that each compound 
exhibits three major absorption bands and the longest absorption maxima for 4-14 
and 4-15 are located at 756.9 and 976.7 nm. These data agree well with our 
  110
experimental results (Figure 4.7). 
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Figure 4.9 Cyclic voltammograms of compounds 4-14 and 4-15 in DCM with 0.1 M 
Bu4NPF6 as supporting electrolyte, AgCl/Ag as reference electrode, Au disk as working 










λem  QY 
(nm)  
Eox1  Eox2  Eox3 
(V)  (V)  (V) 
Ered 
(V) 
HOMO LUMO Eg 
(eV)   (eV)  (eV) 
4-14 803,721,550,
439 
91000 828,  - 0.37, 0.77  - -1.15 -5.10  -3.80  1.30  
4-15 897,809,626,
574,466 
59000 -     - 0.20, 0.43, 0.77 -1.15 -4.94  -3.78  1.16 
Table 4.2 Summary of photophysical and electrochemical properties of compounds 4-14 
and 4-15. Eoxn and Eredn are half-wave potentials for respective redox waves with Fc/Fc+ 
as reference. HOMO and LUMO energy levels were calculated from the first oxidation 
and reduction waves according to equations: HOMO = - (4.8 + Eox1) and LUMO = - (4.8 
+ Ered1). 
 
Cyclic voltammetry was employed to investigate the redox behavior of 4-14 
and 4-15 (Figure 4.9 and Table 4.2). Compound 4-14 in dry DCM exhibits two 
reversible oxidation waves with half-wave potentials (Eoxn) at 0.37 V and 0.77 V 
(vs. Fc+/Fc) while three reversible oxidative waves were observed with Eoxn at 
0.20, 0.43, 0.77 V for 4-15. It is obvious that the triply-linked compound 4-15 has 
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a larger extended pi-system which can stabilize the multiple charges. Furthermore, 
both compounds 4-14 and 4-15 show only one reversible reduction wave, with 
Ered at -1.15, -1.15 V, respectively. The first reduction potentials of 4-14 and 4-15 
are much less negative than those of 4-1 and 4-2, revealing the extremely strong 
electron-accepting ability of 4-14 and 4-15 because of the imide group.  


















 4-14 : SbCl5=3:1
 4-14 : SbCl5=3:3
 4-14 : SbCl5=3:5
 4-14 : SbCl5=3:7
 4-14 : SbCl5=3:9
 

















 4-15 : SbCl5=3:1
 4-15 : SbCl5=3:2
 4-15 : SbCl5=3:3
 4-15 : SbCl5=3:5
 4-15 : SbCl5=3:7
 4-15 : SbCl5=3:8
 
Figure 4.10 UV-vis-NIR absorption spectra of 4-14 to 4-15 during the titration with 
























  4-14 : SbCl5=3:6
  4-14 : SbCl5=3:9
  4-14 : SbCl5=3:9+Zn  1min 
  4-14 : SbCl5=3:9+Zn  3min 
  4-14 : SbCl5=3:9+Zn  8min 
  4-14 : SbCl5=3:9+Zn  15min 
 


















 4-15 : SbCl5=3:9
 4-15 : SbCl5=3:9+Zn  1min 
 4-15 : SbCl5=3:9+Zn  6min 
 4-15 : SbCl5=3:9+Zn  15min 
 4-15 : SbCl5=3:9+Zn  30 min 
 
Figure 4.11 UV-vis-NIR absorption spectra of the oxidized pieces 4-14 and 4-15 during 
reduction by Zn with different contact time. The arrows indicate the changes of the 
spectra with different contact time with Zn dust. 
 
Chemical oxidation titrations of compounds 4-14 and 4-15 were conducted in 
DCM by using SbCl5 as an oxidant and the process was followed by UV-vis-NIR 
absorption spectroscopy (Figure 4.10). Both compounds can be oxidized by SbCl5 
into stable radical cation with appearance of new characteristic absorption bands 
in the shorter and longer wavelengths around the original NIR absorption band. 
The oxidized species can also be reversibly reduced into the neutral state upon by 
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adding Zn dust to the solution containing oxidized species (Figure 4.11). 





















Time (min)  
Figure 4.12 Photo-stability test of compounds 4-1, 4-2, 4-14 and 4-15 in toluene upon 
irradiation of 4 W UV light (emitting at 254 nm). The original optical density before 
irradiation was normalized at the absorption maximum. 
 
It is worth to note that upon exposure to sunlight, air saturated solutions of 
4-14 and 4-15 show no significant changes in their absorption spectra for months. 
Even under irradiation of 4W UV lamp (emitting at 254 nm) for 48 hours, 95% of 
their initial optical density remain unchanged. The extraordinary stabilities of 4-14 
and 4-15, to our knowledge, can be comparable to the most stable rylene 
compounds with NIR absorptions.9-10 In contrast, the half-life times of 4-1 and 4-2 
were estimated as 244 and 547 minutes, respectively, under the same UV 




In summary, a facile one-pot synthesis of doubly and triply linked 
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porphyrin-perylene monoimides 4-14 and 4-15 was established. It is worth noting 
that both meta- and peri-positions of perylene can be simultaneously involved in 
ring-closure reaction during the synthesis of the triply linked compound 4-15. The 
introduction of electron-withdrawing imide group effectively stabilizes the hybrid 
molecules. In addition, dyes 4-14 and 4-15 with an intramolecular “push-pull” 
structure display intensified NIR absorptions, large dipole moments and high 
photostabilities, qualifying them as good NIR dyes for dye-sensitized solar cells. 
This requires further functionalization of the imide unit with anchoring groups and 
the relevant work will be dicussed in Chapter 6. 
 
4.2.4 Experimental section 
4.2.4.1 General  
All reagents were purchased from commercial suppliers and used as received 
without further purification. Anhydrous dichloromethane (DCM) was distilled 
from CaH2. The 1H NMR and 13C NMR spectra were recorded in solution of 
CDCl3 or C6D6 on DRX 500 NMR spectrometer with tetramethylsilane (TMS) as 
the internal standard. The chemical shift was recorded in ppm and the following 
abbreviations were used to explain the multiplicities: s = singlet, d = doublet, m = 
multiplet, br = broad. MALDI-TOF mass spectra were measured on a Bruker 
Autoflex MALDI-TOF instrument using 1,8,9-trihydroxyanthracene as a matrix. 
Elemental analyses (C, H, N) were performed on a Vario EL Elementar 
(Elementar Analyzen-systeme, Hanau, Germany). UV-vis absorption was recorded 
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on Shimadzu UV-1700 spectrometer. The electrochemical measurements were 
carried out in anhydrous DCM with 0.1 M tetrabutylammonium 
hexafluorophosphate (Bu4NPF6) as the supporting electrolyte at a scan rate of 0.05 
V/s at room temperature under the protection of nitrogen. A gold disk was used as 
working electrode, platinum wire was used as counting electrode, and Ag/AgCl (3 
M KCl solution) was used as reference electrode. The solvents used for 
UV-Vis-NIR measurements are of HPLC grade (Merck).  
 












Porphyrin 4-1617 (91 mg, 1.1 equiv), 4-1718 (61 mg, 1 equiv), Pd(PPh3)4 (6 mg, 
0.05 equiv) and Cs2CO3 (65 mg, 2 equiv) were dried under vacuum and then 
purged with argon. To this degassed toluene (10 mL) and DMF (4 mL) were 
added and the mixture was stirred for 36 hours at 96 °C and after cooling, water 
was added and the product was extracted with ethyl acetate (3 x 10 mL). The 
organic layer was washed with saturated brine and dried over anhydrous Na2SO4. 
The solvent was removed under vacuum and the residue was purified by column 
chromatography (silica gel, DCM: hexane = 1:1) to give a red waxy solid product. 
  116
Immediately, this solid was dissolved in toluene (10 mL) and Ni(acac)2 (100 mg ) 
was added slowly. The mixture was stirred for 40 hours at 100 °C. After removal 
of the solvent, the crude product was purified by column chromatography (silica 
gel, hexane: DCM = 1:1) to give a red solid product 4-18 (80 mg, 59% in two 
steps). 1H NMR (CDCl3, 500 MHz) δ: 9.32 (d, J = 5.1 Hz, 2H), 9.26 (d, J = 4.4 Hz, 
2H), 8.88 (d, J = 5.1 Hz, 2H), 8.83-8.86 (m, 2H), 8.76 (d, J = 7.6 Hz, 2H), 
8.61-8.63 (m, 2H), 8.57 (d, J = 8.2 Hz, 1H), 8.46-8.47 (m, 2H), 7.78-7.91 (m, 3H), 
7.53-7.56 (m, 1H), 7.40-7.43 (m, 2H), 7,17-7.22 (m, 1H), 7,07 (m, 1H), 4.76-4.82 
(m, 2H), 4.39-4.46 (m, 2H), 2.86-2.91 (m, 2H), 2.15 (m, 2H), 0.71-1.60 (m, 62H). 
13C NMR (CDCl3, 125 MHz), δ: 164.09, 164.07, 149.1, 145.8, 142.9, 142.6, 142.5, 
141.6, 141.5, 141.45, 141.4, 139.7, 137.9, 137.7, 133.1, 132.3, 132.2, 132.0, 131.1, 
130.9, 130.8, 130.7, 130.3, 130.2, 129.5, 129.4, 129.1, 128.8, 128.7, 127.6, 127.2, 
127.0, 124.5, 124.0, 123.97, 123.7, 122.2, 121.3, 121.2, 120.6, 120.5, 119.1, 117.2, 
114.1, 40.9, 39.4, 39.2, 39.1, 37.9, 37.8, 35.0, 33.8, 31.9, 31.7, 31.4, 30.2, 29.7, 
27.9, 25.0, 24.1, 22.7, 22.6, 22.5, 20.0, 14.1. anal. calcd for C86H93N5NiO2: C, 
80.23; H, 7.28; N, 5.44; Ni, 4.56; O, 2.49. found C 80.04, H 7.17, N 5.51. 














To a solution of 4-18 (40 mg, 1 equiv) in degassed anhydrous DCM (20 mL) was 
added a solution of FeCl3 (50 mg, 10 equiv) in nitromethane (0.5 mL). The 
reaction mixture was refluxed for 12 h and quenched by addition of a saturated 
NaHCO3 solution. The organic layer was washed with saturated brine and dried 
over anhydrous Na2SO4. The solvent was removed under vacuum and the residue 
was purified by preparative TLC (DCM: hexane = 3:2) to give a purple solid 
product 4-14 (15 mg, 38%). 1H NMR (C6D6, 500 MHz) δ: 9.29 (s, 1H), 9.20 (d, J 
= 4.2 Hz, 1H), 9.05 (d, J = 5.1 Hz, 1H), 9.00 (d, J = 4.8 Hz, 1H), 8.95 (d, J = 5.1 
Hz, 1H), 8.87-8.89 (m, 4H), 8.24 (br, 1H), 8.11 (br, 3H), 8.00-8.02 (m, 2H), 7.90 
(m, 1H), 7.74 (br, 1H), 7.61-7.63 (m, 1H), 7.49-7.52 (m, 1H), 7.41-7.44 (m, 2H), 
4.43-4.48 (m, 1H), 4.29 (m, 1H), 4.09-4.14 (m, 1H), 3.95 (m, 1H), 3.21-3.25 (m, 
2H), 2.01-2.07 (m, 2H), 0.63-1.39 (m, 62H). 13C NMR (CDCl3, 125 MHz), δ: 
164.04, 164.01, 149.5, 146.0, 144.1, 143.9, 142.8, 142.5, 141.6, 141.3, 140.3, 
139.4, 138.5, 137.1, 136.9, 136.2, 133.9, 133.0, 132.6, 131.9, 131.8, 131.5, 130.7, 
130.3, 129.5, 129.4, 128.4, 128.1, 126.3, 125.2, 124.4, 124.0, 123.9, 123.4, 121.5, 
120.5, 120.0, 118.8, 40.8, 40.6, 39.2, 39.0, 38.8, 38.0, 37.8, 35.1, 31.7, 29.7, 29.3, 
27.97, 27.95, 25.0, 24.1, 22.6, 22.4, 20.1. anal. calcd for C86H91N5NiO2: C, 80.36; 
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H, 7.14; N, 5.45; Ni, 4.57; O, 2.49. found C 80.59, H 7.27, N 5.69. 
(MALDI-TOF): m/z = 1284.231 (M+H)+; calcd. for C86H91N5NiO2: 1283.653. IR 














Apart from the formation of 4-14 using the condition mentioned above, 4-15 can 
be separated in 25% yield as a green solid. 1H NMR (C6D6, 500 MHz) δ: 8.91 (d, J 
= 7.8 Hz, 1H), 8.87 (d, J = 6.2 Hz, 1H), 8.52 (br, 1H), 8.36-8.41 (br, 4H), 8.24 (br, 
1H), 7.98 (br, 3H), 7.87 (br, 1H), 7.73 (br, 1H), 7.56 (br, 1H), 7.36-7.48 (m, 4H), 
3.92 (br, 2H), 3.54 (br, 2H), 3.38 (br, 2H), 2.17-2.21 (m, 2H), 0.57-1.78 (m, 62H). 
13C NMR (C6D6, 125 MHz), δ: 164.4, 154.3, 153.3, 151.3, 147.6, 147.5, 147.1, 
146.5, 145.4, 144.3, 143.3, 140.6, 137.8, 133.4, 133.3, 132.5, 127.5, 126.0, 124.4, 
123.8, 123.5, 123.0, 121.7, 121.2, 118.6, 39.55, 39.49, 39.3, 35.8, 35.4, 31.5, 30.2, 
30.0, 29.6, 28.5, 28.2, 25.6, 25.4, 24.6, 24.5, 23.0, 22.8, 22.7, 20.5, 20.0. anal. 
calcd for C86H89N5NiO2: C, 80.49; H, 6.99; N, 5.46; Ni, 4.57; O, 2.49. found C 
80.72, H 7.15, N 5.23. (MALDI-TOF): m/z = 1282.621 (M+H)+; calcd. for 
C86H89N5NiO2: 1281.637. IR (KBr): n = 2958, 2925, 2854, 1697, 1627, 1461, 
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1357, 1261, 1094, 803 cm-1. 
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intramolecular charge transfer and the presence of Ni in the porphyrin units. 
The Ni-porphyrins usually have a low fluorescent quantum yield. For 
comparison, we also attempted to replace the Ni metal center with Zn. 
However, treatment of the dyes 4-14 and 4-15 with strong acid, such as 




Chapter 5 Perylene and porphyrin-fused BODIPYs as soluble 
and stable NIR dyes 
 
5.1 Perylene-fused BODIPY dye with NIR absorption/emission and high 
photostability 
5.1.1 Introduction 
4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene, also known as boron 
dipyrromethene (BODIPY, Figure 5.1), represents an extraordinary class of 
fluorophore.1 Its unusual and remarkable properties, such as high fluorescence 
quantum yield, large molar extinction coefficients, outstanding chemical, thermal 
and photochemical inertness, make it attractive for a variety of applications 
including luminescent devices,2 chemical sensors,3 biological labeling,4 and 
photovoltaic devices.5 BODIPY chromophores generally possess visible 
absorption and fluorescent emission located between 470-550 nm. Considering the 
increasing interest in the preparation of near-infrared (NIR) absorption as well as 
NIR emission dyes,6 promotion of the absorption and emission of a BODIPY dye 
to the far-red and even to the NIR spectral region by structural modifications is 
crucial and necessary. As shown in Figure 5.1, such modifications currently 
include: (a) extension of π-conjugation by fusing rigid ring to the pyrrole unit,7 (b) 
functionalization at the α- and/or meso-position to generate a “push-pull” motif,8 
and (c) replacement of the 8-carbon atom with nitrogen atom to form 





























Figure 5.1 Molecular appoaches towards BODIPY dyes with longer absorption and 
emmision. 
 
The fusion of polycyclic aromatic compounds to porphyrin cores has recently 
attracted considerable interest10 and these fused hybrid molecules usually show 
intensified NIR absorption and in some cases they also exhibit moderate NIR 
emission.10h BODIPY dye, porphyrin’s little sister, provides a nice “zig-zag” 
geometry for fusion of an aromatic unit to the meso- and β-positions (method (d), 
Figure 5.1). Such a fusion is beneficial to bathochromic shift of the absorption and 
emission to a far-red and NIR spectral region. Despite the structural similarities 
between BODIPY and porphyrin, fusion of a polycyclic aromatic compound onto 
the zig-zag edge (i.e., meso- and β-positions) of a BODIPY core, to the best of our 
knowledge, has never been reported. Herein, we report the first example of 
polycyclic aromatic unit fused BODIPY 5-1b (Scheme 5.1) which exhibits an 
intensified NIR absorption and acceptable NIR emission.. 
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Scheme 5.1 Synthesis of perylene-fused BODIPY dye 
 
The N-annulated perylene-fused BODIPY 5-1b was synthesized as shown in 
Scheme 5.1. Initially, we attempted to prepare its analog 5-1a in which two ethyl 
groups are attached to the α-positions of the BODIPY core. The perylene aldehyde 
5-3 was first prepared in 46% yield by lithiation of monobrominated N-annulated 
perylene 5-211 followed by reaction with anhydrous DMF. Acid-catalyzed 
condensation of the obtained aldehyde 5-3 with 2 equiv 2-ethyl pyrrole 5-4a led to 
the corresponding dipyrromethane derivative in good yield. Due to high reactivity, 
this dipyrromethane was used for the next step without further purification. 
Subsequent oxidation by 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and 
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complexation with BF3·OEt2 afforded the N-annulated perylene-BODIPY dyad 
5-5a with an overall yield of 19% for three steps. Iron (III) chloride, a well known 
mild oxidant, has proven to be effective to promote cyclodehydrogenation of 
many branched oligophenylenes into polycyclic aromatic hydrocarbons.12 Herein, 
intramolecular ring fusion of 5-5a by using 2 equiv FeCl3 as oxidant yielded a 
mixture with longer absorption between 600 nm and 800 nm, indicating formation 
of the desired ring-fused product 5-1a. However, separation of this mixture turned 
out to be extremely difficult due to strong aggregation of the products in both 
solid state and solution, despite the presence of bulky 4-tert-butylphenyl and 
branched aliphatic chains attached to the N-annulated perylene unit. Such a 
troublesome problem was also observed for aromatic ring-fused porphyrin 
systems, which can be somewhat alleviated by the introduction of bulky 
3,5-di-tert-butylphenyl group to the meso-positions of porphyrin.10f,10g Inspired by 
this strategy, we thus modified the structure of the target compound by attaching 
two bulky 3,5-di-tert-butylphenyl groups directly onto the α-positions of the 
BODIPY core (5-1b). Accordingly, the 3,5-di-tert-butylphenyl-substituted pyrrole 
5-4b was prepared (see experimental section for synthetic details) and used for the 
acid-catalyzed condensation reaction with 5-3. Compound 5-5b was then obtained 
in an overall yield of 69% in three steps, through the same synthetic route used for 
5-5a. Oxidative cyclization of precursor 5-5b was carried out with FeCl3 in 
dichloromethane (DCM) to give the desired product 5-1b in 23% yield. The final 
compound 5-1b has very good solubility and it did not show strong aggregation in 
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solution and allowed us to separate and characterize it more conveniently. In 
addition, fusion of unmodified perylene to the BODIPY core was also attempted 
by using the same strategy starting from the reaction between the perylene 
aldehyde 5-613 and 5-4b. The obtained perylene-BODIPY dyad 5-7 was submitted 
to a similar cyclization with FeCl3. However, a strongly aggregated mixture in 
deep green color was obtained, which cannot be further purified. 






















 5-5b - UV-vis-NIR
 5-1b - UV-vis-NIR








































 5 x 10-7 M
 10-6 M

















 5 x 10-7 M
 10-6 M











Figure 5.2 (a) UV-vis-NIR absorption spectra of 5-1b and 5-5b in toluene (1.0 x 10-5 M) 
and photoluminescence (PL) spectrum (1 x 10-6 M) of compounds 5-1b in toluene 
(excitation wavelength is 670 nm). (b) Photoluminescence spectra of 5-1b in different 
solvents (1.0 x 10-6 M). Excitation wavelength is 670 nm. (c) Concentration dependence 
of fluorescence spectra of 5-1b in toluene (excitation wavelength = 670 nm). (d) 
Concentration dependence of fluorescence spectra of 5-1b in toluene (excitation 
wavelength = 670 nm). The PL intensities at different concentrations were normalized at 





Compd Eox1        Eox2         Eox3  
(V)      (V)      (V)  
Ered1        Ered2        Ered3 
(V)       (V)      (V) 
HOMO  LUMO   Eg a       Egb 
(eV)    (eV)    (eV)    (eV) 
5-1b 0.50     0.64     1.16 -1.04     -1.31    -2.00 -5.16    -3.83   1.33     1.38  
5-5b 0.47c   0.84d    1.02 d -1.35 d     -        - -5.58e   -3.52   2.06     2.02 
Table 5.1 Summary of electrochemical properties of compounds 5-1b and 5-5b. Eoxn and 
Eredn are half-wave potentials for respective redox waves with Fc/Fc+ as reference. HOMO 
and LUMO energy levels were calculated from the onset of the first oxidation and 
reduction waves according to equations: HOMO = - (4.8 + Eoxonset) and LUMO = - (4.8 + 
Eredonset).5 a) Obtained from cyclic voltammograms. b) Obtained from the low energy 
absorption onset in the absorption spectra. c) Corresponding to perylene subunit. d) 
Corresponding to BODIPY core. e) Since perylene and BODIPY are decoupled in 5-5b, 
HOMO here refers to the HOMO of BODIPY. 
 
The absorption spectrum of precursor 5-5b in toluene displays the 
characteristic bands of respective BODIPY and N-annulated perylene while the 
fused compound 5-1b demonstrates a significant bathochromic shift of the 
absorption maximum with respect to 5-5b (Figure 5.2a). Compound 5-1b shows 
intensified absorption bands with absorption maximum at 670 nm (ε = 91000 
M-1cm-1) together with a shoulder around 780 nm. The absorption behavior of 
5-1b is nearly independent of solvent polarity. However, the photoluminescence 
(PL) spectrum of this molecule exhibits solvent dependence (Figure 5.2b). Dye 
5-1b in different solvents displays two distinct emission bands (band I located 
between 700-758 nm and band II located between 790-860 nm). Upon increasing 
the polarity of the solvent from hexane to toluene and to chloroform, the ratio of 
band I intensity to band II intensity successively increases. The band I could be 
assigned to the original PL band whereas the band II at longer wavelength is 
attributed to formation of aggregates of the dye molecules in solution, which is 
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reflected by the fact that the ratios of the intensity of band II to band I in emission 
spectra successively increases upon increasing the concentration of dye 5-1b in 
toluene (Figure 5.2c-d). Since many highly conjugated π-systems prefer to form 
aggregates in non-polar solvent via π-π interactions,14 such a solvent dependence 
of PL spectra can be explained by the different degree of aggregation in different 
solvents. Noteworthy is that dye 5-1b in toluene exhibits emission with maximum 
at 830 nm (Figure 5.2c), which is the longest NIR emission maximum ever 
observed for all BODIPY derivatives. Relatively low photoluminescence quantum 
yields up to 0.8% were observed for 5-1b in toluene mainly due to the dye 
aggregation in solution. Of course, other factors such as conformation change of 
the excited molecules and weak photo-induced intramolecular charge transfer 
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Figure 5.3 Cyclic voltammograms (CV) and differential pulse votommetry (DPV) of 
compounds 5-1b and 5-5b in DCM with 0.1 M Bu4NPF6 as supporting electrolyte, 
AgCl/Ag as reference electrode, Au disk as working electrode, Pt wire as counter 
electrode, and scan rate at 50 mV/s. Fc/Fc+ was used as external reference. 
 
Electrochemical properties of 5-1b and 5-5b were investigated by cyclic 
voltammetry and differential pulse voltommetry in deoxygenated DCM solution 
containing 0.1 M tetra-n-butylammonium hexafluorophosphate as supporting 
electrolyte. As shown in Figure 5.3, three reversible reduction waves with 
half-wave potentials at -1.04, -1.31, -2.00 V (vs Fc+/Fc) and three reversible 
oxidation waves with half-wave potentials at 0.50, 0.64, 1.16 V were observed. A 
HOMO energy level of -5.16 eV and a LUMO energy level of -3.83 eV were 
estimated based on the onset potential of the first oxidation and the first reduction 
wave, respectively. An energy gap of 1.33 eV was then obtained which is in 
agreement with the optical band gap (1.38 eV). In contrast, the precursor 5-5b 
exhibits one reversible oxidation wave corresponding to perylene subunit with 
half-wave potential at 0.47 V and two oxidation waves corresponding to BODIPY 
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core with half-wave potentials at 0.84 and 1.02 V and one reversible reduction 
wave with half-wave potential at -1.35 V (Table 5.1). Compared with 5-1b, a 
larger energy gap (2.06 eV) was obsearved for 5-5b and this is also consistant 
with the optical band gap (2.02 eV). 
 
Figure 5.4 Optimized structures and frontier molecular orbital profiles of compound 5-1b 
(the arrow indicates the dipole moment). 
 
To gain better insight into the geometric and electronic structure, 
time-dependent density function theory (TDDFT at B3LYP/6-31G**) calculations 
were performed and the optimized molecular structure, dipole moment and 
frontier molecular orbital profile are shown in Figure 5.4. The perylene moiety in 
5-1b somewhat deviates from BODOPY plane due to the steric congestion 
between the protons in 7-position of BODIPY and the meta-proton of the 
N-annulated perylene core. The asymmetry in 5-1b also generates a large dipole 
moment, which is calculated as 9.80 D. The calculations also predict that 
compound 5-1b will show major absorption bands at 705 and 594 nm, which are 
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Figure 5.5 Photo-stability test of compounds 3-2, 4-1 and 5-1b in toluene upon 
irradiation of 4 W UV light (emitting at 254 nm). The original optical density before 
irradiation was normalized at the absorption maximum. 
 
Solution of 5-1b in air-saturated toluene remains unchanged over months at 
ambient conditions, indicating the excellent photostability of 5-1b. To reveal the 
effect of BODIPY moieties on the photostability, compound 5-1b was compared 
with the N-annulated perylene-fused porphyrin dye 4-110h as well as the 
electron-rich bis-N-annulated quarterrylene dye 3-2.11 Upon irradiation with UV 
light (4 W) for 4000 min, the absorbance of dye 5-1b in air saturated toluene 
remained almost constant and only lost 5% of the initial intensity. In contrast, the 
half-life time (t1/2) of around 244 min was measured in the case of compound 4-1 
while dye 3-2 even cannot survive for longer than 10 min under the same 
condition (Figure 5.5). This observation clearly demonstrates that the fused 
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BODIPY unit is the most effective building block to stabilize the highly 
electron-rich N-annulated perylene. Moreover, the excellent photostability of 5-1b 
is of great importance for practical applications. 
 
5.1.3 Conclusion 
In summary, successful fusion of N-annulated perylene to the meso- and 
β-positions of a BODIPY core was achieved for the first time. Use of the bulky 
groups on both N-annulated perylene and BODIPY moiety is crucial for the 
purpose of suppressing aggregation. The obtained dye has a largely delocalized 
π-system and therefore shows NIR absorption and emission. Noteworthy is that 
the perylene-fused BODIPY dye exhibits excellent photostability which is 
important for practical applications. Although the photoluminescence quantum 
yield is relatively low in the case of 5-1b, our approach opens opportunities to 
prepare a series of new active aromatic unit-fused BODIPY dyes with tunable 
NIR absorption and emission. 
 
5.1.4 Experimental section 
5.1.4.1 General 
  All reagents were purchased from commercial suppliers and used as received 
without further purification. Anhydrous dichloromethane (DCM) and N, 
N-dimethylformaldehyde (DMF) were distilled from CaH2. Toluene and THF 
were distilled from sodium-benzophenone immediately prior to use. The 1H NMR 
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and 13C NMR spectra were recorded in solution of CDCl3 or CCl2DCCl2D on 
Bruker DPX 300 or DRX 500 NMR spectrometer with tetramethylsilane (TMS) 
as the internal standard. The chemical shift was recorded in ppm and the following 
abbreviations were used to explain the multiplicities: s = singlet, d = doublet, t = 
triplet, m = multiplet, br = broad. MALDI-TOF mass spectra were measured on a 
Bruker Autoflex MALDI-TOF instrument using 1,8,9-trihydroxyanthracene as a 
matrix. EI mass spectra were recorded on Agilent 5975C DIP/MS mass 
spectrometer. Elemental analyses (C, H, N) were performed on a Vario EL 
Elementar (Elementar Analyzen-systeme, Hanau, Germany). UV-vis absorption 
was recorded on Shimadzu UV-1700 spectrometer. Fluorescence spectra were 
recorded on a RF-5301 fluorometer. The solvents used for UV-vis and PL 
measurements are of HPLC grade (Merck). The electrochemical measurements 
were carried out in anhydrous DCM with 0.1 M tetrabutylammonium 
hexafluorophosphate (Bu4NPF6) as the supporting electrolyte at a scan rate of 0.05 
V/s at room temperature under the protection of nitrogen. A gold disk was used as 
working electrode, platinum wire was used as counting electrode, and Ag/AgCl (3 
M KCl solution) was used as reference electrode. The fluorescence quantum 
yields were measured by optical dilute method (A < 0.05) using cardiogreen (λabs, 
max = 780 nm, Ф = 0.13 in DMSO)15
 
as reference.  
 
5.1.4.2 Detailed synthetic procedures and characterization data 
   Compounds 5-1b was prepared according to Scheme 5.1. The building blocks 
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5-211 and 5-613 and boc-protected pyrrole16 were synthesized by following similar 
literature approaches. Selective mono-bromination of  with NBS at -78 oC 
followed by Suzuki coupling reaction with one equivalent of 
3,5-di-tert-butylphenylboronic ester afforded the mono-substituted Boc-protected 
pyrrole 5-8 in 39% yield. Subsequently deprotection of 5-8 with sodium 






To a solution of 5-211 (810 mg, 1 mmol) in dry THF (30 mL) was added dropwise 
1.6 M n-BuLi in hexane solution (0.75 mL, 1.2 mmol) at -78 oC under nitrogen 
atmosphere. After the mixture was stirred at -78 oC for 1 h, anhydrous DMF (365 
mg, 5 mmol) was added into the mixture. After it was slowly warm up to room 
temperature and was stirred for 4 h, the mixture was poured into aqueous NH4Cl 
solution. The aqueous layer was extracted with ethyl acetate, and the combined 
organic phase was washed with saturated brine and dried over anhydrous Na2SO4. 
The solvent was removed under vacuum and the residue was purified column 
chromatography (silica gel, DCM: hexane = 1:2) to afford 5-3 as a orange waxy 
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solid (350 mg, 46%). 1H NMR (CDCl3, 300 MHz) δ: 10.52 (s, 1H), 9.31 (d, J = 
8.2 Hz, 1H), 8.76 (d, J = 7.6 Hz, 2H), 8.20-8.22 (m, 2H), 7.97-8.03 (m, 1H), 
7.81-7.86 (m, 1H), 7.74 (s, 1H), 7.67 (d, J = 8.6 Hz, 2H), 7.62 (d, J = 8.6 Hz, 2H), 
4.54 (d, J = 7.6 Hz, 2H), 2.27 (m, 1H), 1.47 (s, 9H), 1.16-1.37 (m, 40H), 0.83-0.89 
(m, 6H). 13C NMR (CDCl3, 75 MHz), δ: 192.6, 150.5, 140.9, 138.4, 135.3, 130.4, 
130.1, 129.9, 128.4, 127.6, 126.9, 126.7, 125.4, 125.2, 124.9, 124.3, 124.2, 123.9, 
123.7, 123.5, 121.9, 121.4, 121.0, 115.9, 115.6, 113.8, 49.6, 39.7, 34.7, 31.9, 31.8, 
31.7, 31.61, 31.58, 31.5, 29.9, 29.7, 29.61, 29.56, 29.49, 29.3, 29.2, 26.4, 22.7, 
22.6, 14.1. anal. calcd for C55H71NO: C, 86.67; H, 9.39; N, 1.84; O, 2.10. found C 







To a solution of 5-3 (76 mg, 0.1 mmol) and 5-4a (21 mg, 0.22 mmol) in degassed 
anhydrous DCM (20 mL) was added two drops of TFA. The reaction mixture was 
stirred at room temperature for 1 h under nitrogen atmosphere and then quenched 
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by addition of a saturated NaHCO3 solution. The organic layer was washed with 
saturated brine and dried over anhydrous Na2SO4. The solvent was removed under 
vacuum to afford a crude product (90 mg) as a yellow solid. The crude product 
was then dissolved in degassed anhydrous DCM (8 mL). After an addition of 
DDQ (29 mg, 0.13 mmol) in dry DCM (6 mL), the solution was stirred at room 
temperature for 1 h under nitrogen atmosphere. Et3N (0.6 mL, excess) and 
BF3·OEt2 (0.8 mL, excess) were successively added. After 4 h the solvents were 
removed under reduced pressure, and the residue was purified by column 
chromatography (silica gel, DCM: hexane = 1:6) to give a purple waxy solid 
product 5-5a (19 mg, 19% in three steps). 1H NMR (CDCl3, 500 MHz) δ: 8.72 (d, 
J = 7.6 Hz, 1H), 8.69 (d, J = 7.6 Hz, 1H), 8.22 (d, J = 8.3 Hz, 1H), 8.11 (d, J = 8.3 
Hz, 1H), 7.89 (s, 1H), 7.79-7.83 (m, 2H), 7.73-7.76 (m, 1H), 7.69 (d, J = 8.3 Hz, 
2H), 7.61 (d, J = 8.3 Hz, 2H), 6.67 (d, J = 4.2 Hz, 2H), 6.29 (d, J = 4.1 Hz, 2H), 
4.57 (d, J = 7.4 Hz, 2H), 3.16 (q, J = 7.6 Hz, 4H), 2.27 (m, 1H), 1.15-1.47 (m, 
55H), 0.85-0.86 (m, 6H). 13C NMR (CDCl3, 75 MHz), δ: 163.4, 150.3, 148.9, 
138.8, 135.7, 133.1, 131.1, 130.5, 130.4, 130.3, 129.9, 129.0, 128.2, 128.0, 127.7, 
125.4, 125.0, 124.9, 124.8, 124.4, 124.2, 121.4, 121.1, 118.6, 117.1, 116.4, 116.1, 
114.1, 50.4, 40.0, 34.7, 31.90, 31.87, 31.83, 31.5, 30.0, 29.7, 29.63, 29.60, 29.59, 
29.51, 29.3, 29.2, 26.5, 22.7, 22.6, 22.1, 14.1, 12.8. anal. calcd for C67H84BF2N3: 
C, 82.10; H, 8.64; B, 1.10; F, 3.88; N, 4.29. found C 82.38, H 8.45, N 4.20. MS 










To a solution of 5-3 (76 mg, 0.1 mmol) and 5-4b (51 mg, 0.2 mmol) in degassed 
anhydrous DCM (20 mL) was added two drops of TFA. The reaction mixture was 
stirred at room temperature for 2 h under nitrogen atmosphere and then quenched 
by addition of a saturated NaHCO3 solution. The organic layer was washed with 
saturated brine and dried over anhydrous Na2SO4. The solvent was removed under 
vacuum to afford a crude product (123 mg) as a yellow solid. The crude product 
was then dissolved in degassed anhydrous DCM (8 mL). After an addition of 
DDQ (29 mg, 0.13 mmol) in dry DCM (6 mL), the solution was stirred at room 
temperature for 1 h under nitrogen atmosphere. Et3N (0.6 mL, excess) and 
BF3·OEt2 (0.8 mL, excess) were successively added. After 4 h the solvents were 
removed under reduced pressure, and the residue was purified by column 
chromatography (silica gel, DCM: hexane = 1:6) to give a purple waxy solid 
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product 5-5b (90 mg, 69% in three steps). 1H NMR (CDCl3, 500 MHz) δ: 8.75 (d, 
J = 7.6 Hz, 1H), 8.73 (d, J = 7.6 Hz, 1H), 8.24 (d, J = 8.2 Hz, 2H), 8.00 (s, 1H), 
7.80-7.85 (m, 3H), 7.78 (d, J = 1.9 Hz, 2H), 7.71 (d, J = 8.2 Hz, 2H), 7.63 (d, J = 
8.2 Hz, 2H), 7.48 (m, 2H), 6.79 (d, J = 3.8 Hz, 2H), 6.52 (d, J = 3.8 Hz, 2H), 4.62 
(d, J = 7.6 Hz, 2H), 2.32 (m, 1H), 1.48 (s, 9H), 1.16-1.38 (m, 76H), 0.84-0.86 (m, 
6H). 13C NMR (CDCl3, 125 MHz), δ: 150.3, 143.2, 139.0, 138.8, 137.6, 133.2, 
132.3, 131.2, 130.5, 130.4, 130.3, 130.0, 129.2, 128.1, 128.0, 125.4, 125.1, 124.9, 
124.8, 124.4, 124.3, 123.73, 123.70, 123.67, 121.4, 121.1, 120.9, 118.6, 116.5, 
116.2, 114.2, 50.5, 40.0, 35.0, 34.7, 31.92, 31.88, 31.85, 31.5, 30.0, 29.61, 29.59, 
29.56, 29.51, 29.3, 29.2, 26.5, 22.7, 22.6, 14.1, 14.0. anal. calcd for C91H116BF2N3: 
C, 84.03; H, 8.99; B, 0.83; F, 2.92; N, 3.23. found C 83.90, H 8.94, N 3.35. MS 










To a solution of 5-5b (80 mg, 0.06 mmol) in degassed anhydrous DCM (20 mL) 
was added a solution of FeCl3 (20 mg, 0.12 mmol) in nitromethane (0.5 mL). The 
reaction mixture was carried out at room temperature for 10 min and then 
quenched by addition of a saturated NaHCO3 solution. The organic layer was 
washed with saturated brine and dried over anhydrous Na2SO4. The solvent was 
removed under vacuum and the residue was purified by column chromatography 
(silica gel, DCM: hexane = 1:4) to give a green solid product 5-1b (18 mg, 23%). 
1H NMR (CDCl2 CDCl2, 500 MHz, 100 oC) δ: 9.36 (s, 1H), 8.90 (d, J = 7.6 Hz, 
1H), 8.49 (d, J = 7.6 Hz, 1H), 8.26 (d, J = 8.2 Hz, 1H), 8.13-8.16 (m, 1H), 8.05 (s, 
1H), 7.70-7.86 (m, 7H), 7.57 (d, J = 3.8 Hz, 2H), 7.43 (d, J = 8.9 Hz, 2H), 7.29 (s, 
1H), 7.21-7.24 (m, 1H), 6.82 (d, J = 3.8 Hz, 1H), 4.03-4.26 (m, 2H), 2.20 (br, 1H), 
0.83-1.59 (m, 92H). 13C NMR (CDCl3, 125 MHz), δ: 159.2, 149.9, 149.8, 142.4, 
138.5, 137.9, 137.1, 132.7, 131.3, 130.7, 130.0, 129.8, 129.6, 129.4, 128.6, 127.4, 
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124.9, 124.7, 124.6, 124.2, 123.8, 123.6, 123.0, 120.7, 120.6, 118.0, 115.8, 39.5, 
34.4, 34.1, 31.39, 31.37, 31.29, 31.0, 29.6, 29.22, 29.16, 29.10, 29.07, 28.8, 28.7, 
25.9, 22.2, 22.1, 13.73, 13.71. anal. calcd for C91H114BF2N3: C, 84.16; H, 8.85; B, 
0.83; F, 2.93; N, 3.24. found C 84.39, H 8.98, N 3.02. MS (MALDI-TOF): m/z = 







To a solution of 5-613 (56 mg, 0.2 mmol) and 5-4b (102 mg, 0.4 mmol) in 
degassed anhydrous DCM (20 mL) was added two drops of TFA. The reaction 
mixture was at room temperature for 2 h under nitrogen atmosphere and quenched 
by addition of a saturated NaHCO3 solution. The organic layer was washed with 
saturated brine and dried over anhydrous Na2SO4. The solvent was removed under 
vacuum to afford a crude product (123 mg) as a yellow solid. The crude product 
was then dissolved in degassed anhydrous DCM (8 mL). After an addition of 
DDQ (58 mg, 0.26 mmol) in dry DCM (6 mL), the solution was stirred at room 
temperature for 1 h under nitrogen atmosphere. Et3N (0.8 mL, excess) and 
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BF3·OEt2 (1.0 mL, excess) were successively added. After 4 h the solvents were 
removed under reduced pressure, and the residue was purified by column 
chromatography (silica gel, DCM: hexane = 1:3) to give a purple waxy solid 
product 5-7 (98 mg, 60% in three steps). 1H NMR (CDCl3, 500 MHz) δ: 8.30 (d, J 
= 7.6 Hz, 2H), 8.26 (d, J = 7.6 Hz, 1H), 8.25 (d, J = 7.6 Hz, 1H), 7.86 (d, J = 8.2 
Hz, 1H), 7.74-7.78 (m, 6H), 7.61 (d, J = 7.8 Hz, 1H), 7.47-7.57 (m, 5H), 6.73 (d, J 
= 3.8 Hz, 2H), 6.52 (d, J = 4.4 Hz, 2H), 1.38 (s, 36H). 13C NMR (CDCl3, 125 
MHz), δ: 160.3, 150.3, 141.7, 137.1, 134.7, 134.5, 132.9, 132.2, 131.4, 131.3, 
131.0, 130.6, 130.0, 129.0, 128.74, 128.68, 128.62, 128.2, 127.3, 126.8, 126.7, 
126.5, 123.8, 123.7, 121.1, 120.9, 120.8, 120.7, 119.1, 35.0, 31.5. anal. calcd for 
C57H57BF2N2: C, 83.60; H, 7.02; B, 1.32; F, 4.64; N, 3.42. found C 83.36, H 7.18, 








NBS (1.80 g, 10 mmol) was added to a solution of boc-protected pyrrole16 (1.67 g, 
10 mmol) in degassed THF (20 mL) at -78 °C and the mixture was stirred for 60 
min under a N2 atmosphere in the dark. The reaction mixture was poured into 
water and extracted with CHCl3. The organic layer was washed with brine and 
water, dried with anhydrous Na2SO4, and the solvent was removed under vacuum. 
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The crude product contains the major monobrominated product and a small 
amount of dibrominated product which can not be separated at this stage, thus it 
was used directly for next step. The colorless residue, 3,5-di-tert-butyl 
phenylboronic ester (4.7 g, 15 mmol), Pd(PPh3)4 (100 mg, 0.1 mmol) and Na2CO3 
(2.12 g, 20 mmol) were dissolved in degassed THF (50 mL), and the mixture was 
stirred for 24 hours at 68 °C. After cooling, water was added and the product was 
extracted with ethyl acetate (3 x 50 mL). The organic layer was washed with 
saturated brine and dried over anhydrous Na2SO4. The solvent was removed under 
vacuum and the residue was purified by column chromatography (silica gel, 
hexane) to give a white solid product 5-8 (1.40 g, 39% from boc-protected pyrrole 
in two steps). 1H NMR (CDCl3, 500 MHz) δ: 7.38 (m, 1H), 7.34-7.35 (m, 1H), 
7.16 (d, J = 1.9 Hz, 2H), 6.22-6.24 (m, 1H), 6.18-6.19 (m, 1H), 1.34 (s, 18H), 1.28 
(s, 9H). 13C NMR (CDCl3, 125 MHz), δ: 149.7, 136.0, 133.8, 123.5, 122.0, 121.3, 
113.9, 110.4, 83.0, 34.8, 31.5, 29.7, 27.5. anal. calcd for C23H33NO2: C, 77.70; H, 
9.36; N, 3.94; O, 9.00. found C 77.80, H 9.44, N 3.90. MS (EI): m/z = 355.2; 






To anhydrous MeOH (20 mL) was slowly added sodium (2.00 g, 87.0 mmol) at 5 
oC. The mixture was stirred at 5 oC for around 30 min until sodium completely 
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consumed. The solvent was then carefully removed under reduced pressure to give 
sodium methoxide as a white solid (4.70 g, quantitative). A suspension of sodium 
methoxide (2.70 g, 50 mmol) in MeOH (10 mL) was added to a stirred solution of 
BOC-protected 5-8 (5.92 g, 16.7 mmol) in THF (50 mL) and stirred at 25 °C for 
15 h. The reaction was diluted with Et2O (100 mL) and the organic layer was 
washed with saturated brine and dried over anhydrous Na2SO4. The solvents were 
removed under vacuum and further purified by column chromatography 
(aluminum oxide, hexane/ether, 30: 1) to give a pink solid product 5-4b (3.61 g, 
85%). 1H NMR (CDCl3, 500 MHz) δ: 8.45 (br, 1H), 7.31 (m, 3H), 6.86-6.87 (m, 
1H), 6.49-6.50 (m, 1H), 6.30-6.31 (m, 1H), 1.36 (s, 18H). 13C NMR (CDCl3, 125 
MHz), δ: 151.2, 133.2, 132.1, 120.6, 118.7, 118.3, 109.8, 105.6, 34.8, 31.4. anal. 
calcd for C18H25N: C, 84.65; H, 9.87; N, 5.48. found C 84.80, H 9.63, N 5.35. MS 
(EI): m/z = 255.2; calcd. for C18H25N: 255.199. 
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5.2 BODIPY-fused porphyrins as soluble and stable NIR dyes 
5.2.1 Introduction 
Porphyrin is one of the most widely investigated nitrogen-containing 
macrocyclic aromatic compounds. Porphyrins and metalloporphyrins generally 
have an intense absorption in the 400-450 nm region called the Soret band and 
relative weak absorptions in comparison to the Soret band in the 500-700 nm 
region named Q bands. Due to the insufficient absorption property of the 
porphyrin monomer in the visible and in particular in the NIR region, efforts have 
been made toward the design and synthesis of π-extended porphyrins such as 
porphyrin tapes.17 Fusing polycyclic aromatic hydrocarbon (PAH) (e.g. pyrene, 
anthracene, azulene, and perylene) to porphyrin core becomes another important 
option for such a purpose and this strategy has proven to fill the aforementioned 
research gap.10 A general method towards PAH-fused porphyrins is the 
intramolecular ring cyclization of the singly linked porphyrin-PAH dyads, which 
usually requires activating the PAH unit by appropriate substitution. As a result, 
the obtained fused system normally possesses high electron density, thus 
inevitably making them unstable upon long-term exposure to air and light. 
According to the studies in chapter 4, the replacement of the relatively 
electron-rich N-annulated perylene unit in perylene-fused porphyrin compound 
with perylene monoimide having electron-withdrawing dicarboxylic imide group 
was found to stabilize the highly conjugated system. However, the introduction of 
electron-deficient units leads to decreased reactivity, which makes fusion reaction 
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or fusion of more building blocks to achieve longer NIR absorption difficult. 
Consequently, how to balance the “reactivity” with the “stability” remains as a 


















Figure 5.6 Structures of BODIPY-fused porphyrins  
 
Boron dipyrromethene (BODIPY), a little sister of porphyrin, is a strongly 
UV-vis-absorbing small dye that emits relatively sharp fluorescence peak with a 
high quantum yield.1 Its unusual and remarkable optical and chemical properties 
enable it to play important roles in the fields of luminescent devices, chemical 
sensors, biological labeling, and photovoltaic devices. In common with porphyrin, 
BODIPY also has some undesirable characteristics such as relatively shorter 
wavelength absorption and emission in the UV-visible range. Although three 
strategies in order to achieve a bathochromic shift for the BODIPY core have been 
investigated, which include (1) replacement of pyrrole with iso-indole unit,7 (2) 
functionalization at the α- and/or meso-position to generate a “push-pull” motif,8 
and (3) preparation of aza-BODIPY dyes,9 fusing the BODIPY core to the other 
aromatic rings has rarely been reported except only one example presented in 
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Chapter 5.1. In the past year we have been working on the synthesis of BODIPY 
fused porphyrins such as compounds 5-9 and 5-10 (Figure 5.6). The design is 
based on the following considerations: (1) BODIPY core provides a nice 
“zig-zag” edge geometry for fusion of an aromatic unit (e.g. porphyrin) to the 
meso- and β-positions. Since perylene fused BODIPY dye exhibits absorption 
between 600 nm and 800 nm as reported by us (Chapter 5.1), porphyrin fused 
BODIPY dye is supposed to display enhanced NIR absorption because of the 
larger conjugation in the latter. (2) The electron-withdrawing ability of the boron 
atom can lower the HOMO energy level of the fused dye. Our previous studies 
have pointed out that fused BODIPY unit is the most effective building block to 
stabilize the highly electron-rich N-annulated perylene so far. As a result, 
porphyrin fused BODIPY compound is expected to be a stable NIR dye in despite 
of its narrow band gap. (3) Generally speaking, the BODIPY core has relatively 
high reactivity, which can undergo electrophilic substitution.1a This high reactivity 
is beneficial to ring closure reaction, such that fusing double or even multiple 
BODIPY units into the porphyrin backbone becomes possible. In this chapter, we 
report the successful synthesis of the two novel NIR dyes 5-9 and 5-10, which 
show the desired photophysical properties and photostability.  
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Scheme 5.2 Synthesis of BODIPY-fused porphyrins. 
 
In the design of highly conjugated hybrid molecules 5-9 and 5-10, bulky 
3,5-di-tert-butylphenyl groups were chosen as substituents because such bulky 
groups not only surmounts the solubility problem but also eliminate the 
aggregation of the chromophores in solution.10f-10h Scheme 5.2 outlines the 
synthetic route for compounds 5-9 and 5-10. The singly linked aromatic 
compound-dipyrromethane dyad (e.g. compound 5-12) normally can be prepared 
by a trifluoroacetic acid (TFA)-catalyzed condensation of the corresponding 
aromatic aldehyde with 2 equiv of pyrrole derivative in a good yield. However, 
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only a small amount of desired product 5-12 could be detected under general 
TFA-catalyzed condition in our case probably owning to the steric hindrance. 
Either adding more TFA or increasing the reaction temperature led to the 
formation of inseparable mixture, so efforts were directed toward how to promote 
the condensation of 3,5-di-tert-butylphenyl-substituted pyrrole 5-4b with 
porphyrin aldehyde 5-1118. Fortunately p-toluene sulfonic acid monohydrate 
(TsOH·H2O) was found to accelerate such a transformation and this strategy also 
reduced the degree of side reactions. The dipyrromethane derivative 5-12 was 
quantitatively obtained under optimized condition by using a catalytic amount of 
TsOH·H2O. Considering the high reactivity of dipyrromethane derivative, the 
intermediate 5-12, without further purification, directly underwent oxidation by 
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and subsequent complexation 
with BF3·OEt2 to afford the porphyrin-BODIPY dyad 5-13 with an overall yield of 
72% for three steps. Iron (III) chloride, as a mild oxidant, has been successfully 
used to prepare aromatic ring fused porphyrins and in Chapter 5.1 this reagent has 
proven to be effective to promote ring closure of N-annulated perylene to the 
meso- and β-positions of a BODIPY core. Therefore, FeCl3 was utilized to 
promote intramolecular ring fusion of 5-13 and the fully fused product 5-9 was 
achieved in 72% yield. Further extension of π-conjugation length of 5-9 by fusing 
another BODIPY subunit to the highly conjugated skeleton is supposed to lead to 
a more red-shifted and intense NIR absorption. Compound 5-15 was thus 
synthesized in an overall yield of 34% in three steps, through the same synthetic 
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route used for 5-13. Metallation of 5-15 with Ni(acac)2 yielded the precursor 5-16 
in 95% yield. However, when 5-16 was treated with 20 equiv of FeCl3 in 
dichloromethane, the complicated mixture containing partially fused compounds 
without desired compound 5-10 was observed. Increasing the reaction temperature 
turned out to be effective to promote intramolecular ring fusion and the fully fused 
compound 5-10 was eventually separated in 15% yield. The relatively low yield is 
attributed to the significant decomposition of BODIPY derivatives under refluxing 
condition in the presence of FeCl3.  
Aromatic compound fused porphyrins are considered to have strong tendency 
to form highly packed aggregates, therefore, obtaining their well-resolved 1H 
NMR spectrum, has proven to be challenging without the presence of coordinating 
solvents19 or NaBH4.20 Due to the attachment of sufficient bulky groups around 
the aromatic core, compounds 5-9 and 5-10 are highly soluble in common organic 
solvents, thus facilitating purification and characterization. More importantly, 
sharp as well as well-split 1H NMR peaks are achievable even at room temperature 
without additives.  
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Figure 5.7 UV-vis-NIR absorption spectra of 5-9, 5-10, 5-13 and 5-16 in toluene (1.0 x 
10-5 M). 
 
The absorption spectra of unfused precursors 5-13 and 5-16 display the 
superposition of the porphyrin monomer and BODIPY subunit (Figure 5.7). 
Extension of the π-system by fusing one or two BODIPY units definitely narrows 
the HOMO-LUMO band gap. UV-vis-NIR spectroscopic measurement clearly 
demonstrates that both the fused compounds 5-9 and 5-10 show broad absorption 
spectra that cover the entire visible and a part of the NIR spectral regions (Figure 
5.7). The strong absorption bands at 560 nm for 5-9 and 616 nm for 5-10 in the 
visible range result in violet colour for 5-9 and blue colour for 5-10 in solution, 
respectively. Owing to the higher conjugation in 5-9 than 5-13, the absorption 
spectrum of the fused dye 5-9 in toluene displays a significant bathochromic shift 
with absorption maximum at 890 nm (ε = 49 000 M-1cm-1). Moreover, further 
π-extended compound 5-10 shows absorption deep beyond 1000 nm with 
absorption maximum at 1040 nm (ε = 68 000 M-1cm-1). Despite the similar 
molecular size of BODIPY to anthracene and azulene, comparison of the NIR 
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absorbance of bis-BODIPY fused porphyrin 5-10 (λmax = 1040 nm) with 
bis-anthracene fused porphyrin (λmax = 973 nm)21 and bis-azulene fused porphyrin 
(λmax = 1014 nm)22 reveals bathochromic shifts of 67 nm and 26 nm, respectively. 
Therefore, fusion of BODIPY to the porphyrin core appears to be an effective 
method for bathochromic shift of the absorbance. On the other hand, BODIPY 
fused porphyrins show longer NIR absorption than BODIPY fused perylene dye. 
Also noteworthy is that dye 5-10 possesses the longest NIR absorption maximum 
ever observed for all BODIPY derivatives. Both dyes 5-9 and 5-10 exhibit very 
weak fluorescence which is common for Ni-porphyrins.23 







Potential vs Fc+/Fc (V)







Figure 5.8 Cyclic voltammograms and differential pulse voltammograms of compounds 
5-9, 5-10, 5-13 and 5-16 in DCM with 0.1 M Bu4NPF6 as supporting electrolyte, 
AgCl/Ag as reference electrode, Au disk as working electrode, Pt wire as counter 
electrode, and scan rate at 50 mV/s. Fc/Fc+ was used as external reference. 
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Compd Eox1    Eox2     Eox3    Eox3  Eox3 
(V)    (V)    (V)    (V)   (V) 
Ered1       Ered2       
(V)      (V)     
HOMO  LUMO   Eg a       Egb 
(eV)    (eV)    (eV)    (eV) 
5-9 0.45   1.08     -     -     - 0.94     1.50   -5.15    -3.95   1.20     1.31  
5-10 -0.34  -0.16   0.34  0.49   0.79 -1.55    -2.10        -4.39    -3.38   1.01     1.00 
5-13 0.62   0.78   0.90  1.05    - -1.26    -1.68 -5.36    -3.61   1.75     1.98 
5-16 0.63   0.81   1.04 (overlapped) -1.21    -1.60 -5.40    -3.63   1.77     1.98 
Table 5.2 Summary of electrochemical properties of compounds 5-9, 5-10, 5-13 and 5-16. 
Eoxn and Eredn are half-wave potentials for respective redox waves with Fc/Fc+ as reference. 
HOMO and LUMO energy levels were calculated from the onset of the first oxidation 
and reduction waves according to equations: HOMO = - (4.8 + Eoxonset) and LUMO = - 
(4.8 + Eredonset). a) Obtained from cyclic voltammograms. b) Obtained from the low 
energy absorption onset in the absorption spectra. 
 
Electrochemical properties of 5-9 and 5-10 were investigated by cyclic 
voltammetry (CV) in deoxygenated DCM solution containing 0.1 M 
tetra-n-butylammonium hexafluorophosphate as supporting electrolyte and the 
results were summarized in Table 5.2. As shown in Figure 5.8, compound 5-9 
exhibits two reversible oxidation waves with half-wave potentials at 0.45, 1.08 V 
(vs Fc+/Fc) while five reversible or quasi-reversible oxidative waves were 
observed with half-wave potentials at -0.34, -0.16, 0.34, 0.49 and 0.79 V for 5-10, 
which are distinguishable by differential pulse voltammetry (DPV). It is obvious 
that bis-BODIPY fused porphyrin 5-10 has a larger extended π-system, which is 
able to stabilize more charges. Furthermore, two reversible reduction waves were 
found for both 5-9 and 5-10 with half-wave potentials at -0.94, -1.50 V for 5-9 and 
-1.55, -2.10 V for 5-10, indicating that they can be reduced into the corresponding 
radical anions and dianions which also can be stabilized by the delocalized 
π-system. HOMO energy levels of -5.15 eV and -4.39 eV, and LUMO energy 
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levels of -3.95 eV and -3.38 V were estimated for respective 5-9 and 5-10 based 
on the onset potential of the first oxidation and the first reduction wave, 
respectively. Energy gaps of 1.20 eV for 5-9 and 1.01 eV for 5-10 were then 
calculated which are in agreement with their optical band gaps (1.31 eV for 5-9 
and 1.00 eV for 5-10). In contrast, the precursors exhibit one reversible reduction 
wave corresponding to a BODIPY subunit with half-wave potentials at -1.26 V for 
5-13 and -1.21 V for 5-16, and another reversible reduction wave corresponding to 
a porphyrin core with half-wave potentials at -1.68 V for 5-13 and -1.60 V for 
5-16. In the meanwhile, four oxidation waves were observed for both 5-13 and 
5-16 (Table 5.2 and Figure 5.8). Compared with fused dyes 5-9 and 5-10, larger 
energy gaps 1.75 eV and 1.77 eV were obtained for 5-13 and 5-16, respectively. 
These are also consistent with the optical band gap (1.98 eV). 


















Figure 5.9 Changes of optical density of 5-9 and 5-10 at the absorption maximum 
wavelength with the irradiation time. The original optical density before irradiation was 
normalized at the absorption maximum. Solutions of compounds 5-9 and 5-10 in toluene 
were irradiated under 4 W UV light (emitting at 254 nm). 
 
Despite the small band gaps, dyes 5-9 and 5-10 can be stored as a solid at 
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ambient conditions for longer than several months. Solution of both 5-9 and 5-10 
in air-saturated toluene remains unchanged over weeks upon direct exposure to 
visible light and air, suggesting the excellent photostability of 5-9 and 5-10. Even 
Upon irradiation with UV light (4 W) for 1740 min, the absorbance of dye 5-9 in 
air saturated toluene remained almost constant and only lost 10% of the initial 
intensity. The half-life time (t1/2) of around 743 min was measured in the case of 
compound 5-10 under the same condition (Figure 5.9). This can be explained by 
the smaller band gap as well as higher-lying HOMO energy level in dye 5-10. 
Nevertheless, in view of the long absorption behaviours of NIR dyes 5-9 and 5-10, 
such unusual photostability is fairly remarkable, which once again proves that the 




In summary, we have described the facile and efficient synthesis of BODIPY 
fused porphyrin 5-9 and bis-BODIPY fused porphyrin 5-10 as two new soluble 
and stable NIR dyes. Use of sufficient bulky groups is crucial for the purpose of 
suppressing aggregation. Both compounds 5-9 and 5-10 show remarkable 
properties, such as intense NIR absorption and good photostability. In particular, 
bis-BODIPY fused porphyrin 5-10 has a longer NIR absorption with respect to 
bis-anthracene fused porphyrin and bis-azulene fused porphyrin. Moreover, it also 
possesses the longest NIR absorption maximum ever observed for all BODIPY 
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derivatives. The excellent photostability of these molecules 5-9 and 5-10, together 
with their spectral coverage as well as the amphoteric redox behaviour (reversible 
oxidation and reduction waves), suggest that these BODIPY fused porphyrin dyes 
can be used as building blocks to construct photovoltaic devices in future. Of 
course, appropriate functionalizations are necessary for this purpose. 
 
5.2.4 Experimental section 
5.2.4.1 General 
  All reagents were purchased from commercial suppliers and used as received 
without further purification. Anhydrous dichloromethane (DCM) and N, 
N-dimethylformaldehyde (DMF) were distilled from CaH2. Toluene and THF 
were distilled from sodium-benzophenone immediately prior to use. The 1H NMR 
and 13C NMR spectra were recorded in solution of CDCl3 or CDCl2CDCl2 or 
[D8]-THF on DRX 500 NMR spectrometer with tetramethylsilane (TMS) as the 
internal standard. The chemical shift was recorded in ppm and the following 
abbreviations were used to explain the multiplicities: s = singlet, d = doublet, t = 
triplet, m = multiplet, br = broad. MALDI-TOF mass spectra were measured on a 
Bruker Autoflex MALDI-TOF instrument using 1,8,9-trihydroxyanthracene as a 
matrix. Elemental analyses (C, H, N) were performed on a Vario EL Elementar 
(Elementar Analyzen-systeme, Hanau, Germany). UV-vis absorption was recorded 
on Shimadzu UV-1700 spectrometer and Shimadzu UV-3600 spectrophotometer. 
The electrochemical measurements were carried out in anhydrous DCM with 0.1 
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M tetrabutylammonium hexafluorophosphate (Bu4NPF6) as the supporting 
electrolyte at a scan rate of 0.05 V/s at room temperature under the protection of 
nitrogen. A gold disk was used as working electrode, platinum wire was used as 
counting electrode, and Ag/AgCl (3 M KCl solution) was used as reference 
electrode. The solvents used for UV-Vis-NIR measurements are of HPLC grade 
(Merck).  
 
5.2.4.2 Detailed synthetic procedures and characterization data 
   Compounds 1 and 2 were prepared according to Scheme 5.2. The building 










To a solution of 5-1118 (192 mg, 0.2 mmol) and 5-4b (112 mg, 0.44 mmol) in 
degassed anhydrous CHCl3 (20 mL) was added p-toluene sulfonic acid 
monohydrate (8 mg, 0.04 mmol). The reaction mixture was stirred under refluxing 
condition for 1.5 h under nitrogen atmosphere and quenched by addition of a 
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saturated NaHCO3 solution. The organic layer was washed with saturated brine 
and dried over anhydrous Na2SO4. The solvent was removed under vacuum to 
afford a crude product 5-12 (300 mg) as a brown solid. The crude product 5-12 
was then dissolved in degassed anhydrous DCM (15 mL). After an addition of 
DDQ (58 mg, 0.26 mmol) in dry DCM (6 mL), the solution was stirred at room 
temperature for 1 h under nitrogen atmosphere. Et3N (0.8 mL, excess) and 
BF3·OEt2 (0.9 mL, excess) were successively added. The mixture was then stirred 
under refluxing condition overnight. After cooling the solvents were removed 
under reduced pressure, and the residue was purified by column chromatography 
(silica gel, DCM: hexane = 1:6) to give a purple solid product 5-13 (210 mg, 70% 
in three steps). 1H NMR (CDCl3, 500 MHz) δ: 9.16 (d, J = 5 Hz, 2H), 8.86 (d, J = 
5.1 Hz, 2H), 8.85 (d, J = 5.1 Hz, 2H), 8.83 (d, J = 5 Hz, 2H), 7.91 (d, J = 1.9 Hz, 
6H), 7.85 (d, J = 1.3 Hz, 4H), 7.75-7.76 (m, 3H), 7.51-7.52 (m, 2H), 6.46 (d, J = 
4.4 Hz, 2H), 7.23 (d, J = 3.8 Hz, 2H), 1.50 (s, 54H), 1.40 (s, 36H). 13C NMR 
(CDCl3, 125 MHz), δ: 160.1, 157.1, 150.6, 150.4, 149.2, 143.4, 142.7, 141.7, 
139.4, 133.6, 132.3, 132.1, 128.8, 128.0, 123.9, 123.8, 123.6, 121.6, 121.5, 35.1, 
35.0, 31.6, 31.5. anal. calcd for C99H117BF2N6Ni: C, 79.35; H, 7.87; B, 0.72; F, 
2.54; N, 5.61; Ni, 3.92. found C 79.38, H 7.65, N 5.40. MS (MALDI-TOF): m/z = 












To a solution of 5-13 (150 mg, 0.1 mmol) in degassed anhydrous DCM (30 mL) 
was added a solution of FeCl3 (162 mg, 1 mmol) in nitromethane (2 mL). The 
reaction mixture was carried out at room temperature for 30 min and quenched by 
addition of a saturated NaHCO3 solution. The organic layer was washed with 
saturated brine and dried over anhydrous Na2SO4. The solvent was removed under 
vacuum and the residue was purified by column chromatography (silica gel, DCM: 
hexane = 1:4) to give a purple solid product 5-9 (108 mg, 72%). 1H NMR (CDCl3, 
500 MHz) δ: 7.49 (s, 4H), 7.46 (m, 3H), 7.32 (s, 2H), 7.24 (d, J = 1.9 Hz, 2H), 
7.18 (d, J = 1.9 Hz, 4H), 6.86 (d, J = 5.1 Hz, 2H), 6.73 (d, J = 5.1 Hz, 2H), 6.03 (s, 
2H), 5.50 (s, 2H), 1.35 (s, 36H), 1.33 (s, 18H), 1.27 (s, 36H). 13C NMR (CDCl3, 
125 MHz), δ: 159.0, 153.7, 151.3, 150.0, 149.9, 149.5, 148.7, 146.8, 137.3, 136.6, 
136.5, 132.2, 131.8, 131.6, 130.8, 129.6, 129.4, 126.2, 125.4, 123.4, 121.9, 121.8, 
121.7, 113.5, 106.1, 34.9, 31.5, 31.4. anal. calcd for C99H113BF2N6Ni: C, 79.56; H, 
7.62; B, 0.72; F, 2.54; N, 5.62; Ni, 3.93. found C 79.80, H 7.73, N 5.70. MS 
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To a solution of 5-1424 (144 mg, 0.2 mmol) and 5-4b (224 mg, 0.88 mmol) in 
degassed anhydrous CHCl3 (40 mL) was added p-toluene sulfonic acid 
monohydrate (16 mg, 0.08 mmol). The reaction mixture was stirred under reflux 
condition for 2 h under nitrogen atmosphere and quenched by addition of a 
saturated NaHCO3 solution. The organic layer was washed with saturated brine 
and dried over anhydrous Na2SO4. The solvent was removed under vacuum to 
afford a crude product (350 mg) as a brown solid. The crude product was then 
dissolved in degassed anhydrous DCM (20 mL). After an addition of DDQ (116 
mg, 0.52 mmol) in dry DCM (6 mL), the solution was stirred at room temperature 
for 1 h under nitrogen atmosphere. Et3N (1 mL, excess) and BF3·OEt2 (1.2 mL, 
excess) were successively added. The mixture was then stirred under refluxing 
condition overnight. After cooling the solvents were removed under reduced 
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pressure, and the residue was purified by column chromatography (silica gel, 
DCM: hexane = 1:6) to give a purple solid product 5-15 (124 mg, 34% in three 
steps). 1H NMR (CDCl3, 500 MHz) δ: 9.35 (d, J = 4.9 Hz, 4H), 8.96 (d, J = 4.6 Hz, 
4H), 8.11 (d, J = 1.6 Hz, 4H), 7.89 (d, J = 1.5 Hz, 8H), 7.85 (br, 2H), 7.54 (s, 4H), 
6.50 (d, J = 4.3 Hz, 4H), 6.22 (d, J = 4.3 Hz, 4H), 1.56 (s, 36H), 1.42 (s, 72H), 
-2.51 (s, 2H). 13C NMR (CDCl3, 125 MHz), δ: 160.1, 150.5, 149.1, 142.7, 141.8, 
140.4, 132.3, 132.1, 129.8, 129.0, 128.2, 124.0, 123.9, 122.7, 121.8, 121.5, 110.2, 
35.1, 35.0, 31.7, 31.6. anal. calcd for C122H144B2F4N8: C, 80.51; H, 7.97; B, 1.19; 
F, 4.18; N, 6.16. found C 80.80, H 8.14, N 6.35. (MALDI-TOF): m/z = 1820.193 












The solid 5-15 (100 mg, 0.055 mmol) was dissolved in toluene (20 mL), and 
Ni(acac)2 (200 mg) was added slowly. The mixture was stirred for 12 h under 
refluxing condition. After removal of the solvent, the crude product was purified 
by column chromatography (silica gel, hexane/DCM, 3:1) to give a purple solid 
product 5-16 (98 mg, 95%). 1H NMR (CDCl3, 500 MHz) δ: 9.20 (d, J = 5.1 Hz, 
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4H), 8.85 (d, J = 5.1 Hz, 4H), 7.91 (d, J =1.3 Hz, 4H), 7.83 (d, J = 1.9 Hz, 8H), 
7.77 (s, 2H), 7.50 (s, 4H), 6.46 (d, J = 4.5 Hz, 2H), 6.22 (d, J = 4.5 Hz, 2H), 1.49 
(s, 36H), 1.49 (s, 72H). 13C NMR (CDCl3, 125 MHz), δ: 160.2, 150.4, 149.2, 
143.4, 142.4, 141.8, 139.4, 133.6, 132.3, 132.1, 128.8, 123.9, 123.8, 121.62, 
121.60, 121.5, 109.6, 35.1, 35.0, 31.7, 31.5. anal. calcd for C122H142B2F4N8Ni: C, 
78.07; H, 7.63; B, 1.15; F, 4.05; N, 5.97; Ni, 3.13. found C 78.26, H 7.58, N 5.78. 
MS (MALDI-TOF): m/z = 1876.310 (M)+, 1857.005 (M-F)+, and 1847.722 












To a solution of 5-16 (80 mg, 0.043 mmol) in degassed anhydrous DCM (20 mL) 
was added a solution of FeCl3 (139 mg, 0.853 mmol) in nitromethane (1 mL). The 
reaction mixture was carried out at room temperature for 20 min and further 
stirred at refluxing condition for 40 min. After quenching by addition of a 
saturated NaHCO3 solution, the organic layer was washed with saturated brine and 
dried over anhydrous Na2SO4. The solvents were removed under vacuum and the 
residue was purified by column chromatography (silica gel, DCM: hexane, 1: 2). 
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The dark blue-green band was collected and further precipitated from 
DCM/methanol to give 5-10 as a blue solid (0.012 g, 15 %). 1H NMR (D8-THF, 
500 MHz) δ: 10.82 (s, 4H), 7.74 (s, 8H), 7.60 (s, 2H), 7.47 (s, 4H), 7.24 (br, 4H), 
6.72 (s, 4H), 1.40 (s, 36H), 1.32 (s, 72H). 13C NMR (CDCl3, 125 MHz), δ: 160.1, 
157.1, 150.6, 150.4, 149.2, 143.4, 142.7, 141.7, 139.4, 133.6, 132.3, 132.1, 128.8, 
128.0, 123.9, 123.8, 123.6, 121.6, 121.5, 35.1, 35.0, 31.7, 31.5. anal. calcd. for 
C122H134B2F4N8Ni: C, 78.41; H, 7.23; B, 1.16; F, 4.07; N, 6.00; Ni, 3.14. found C 
78.25, H 7.34, N 6.26. MS (MALDI-TOF): m/z = 1868.191 (M)+, 1849.089 
(M-F)+, and 1830.005 (M-2F)+; calcd. for C122H134B2F4N8Ni: 1868.024. 
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Chapter 6 Perylene anhydride-fused porphyrins as near-IR 
sensitizers for dye-sensitized solar cells 
 
6.1 Introduction 
Recent developments in the field of organic solar cells have boosted interest 
in development of novel functional near infrared (NIR) dyes,1 given that sunlight 
possesses 50% of its irradiation energy in the infrared spectral region. Dye 
sensitized solar cells (DSCs)2 stand out to challenge the traditional silicon-based 
solar cells due to the cost-effective issue combined with their medium efficiencies. 
A rising interest is to use ruthenium-free dyes as sensitizers for DSCs,3-4 because 
such dyes hold many advantages over ruthenium-based dyes such as lower cost, 
higher absorption coefficient and ease of tuning LUMO and HOMO energy levels. 
However, how to obtain a single sensitizer that is capable of effectively capturing 
light over the entire spectrum from 400 to 1000 nm and simultaneously fulfills all 
the requirements for an efficient device remains a long-term challenge.5 
Porphyrin has gained recognition as one of the most versatile building blocks 
for DSCs due to their unique optical as well as electrochemical properties, and 
their excellent photochemical stability.6 Due to the limited absorption behavior of 
the porphyrin monomer in the visible and particularly in the NIR region, efforts 
have been made toward the design and synthesis of π-extended porphyrins, 
including porphyrin tapes7 and polycyclic aromatic compounds-fused porphyrins,8 
which were predicted to have potential applications in photovoltaic devices.8e,8h,8i 
  171
Attempts to use these fused dyes in DSCs were independently made by Yeh and 
Imahori’s groups,9-10 and up to 4.1% of efficiency was achievable under optimized 
conditions. However, examples of DSCs based on fused porphyrin systems 
exhibiting a NIR response beyond 900 nm are scarce. Herein we report two novel 
perylene anhydride-fused porphyrin dyes 6-1 and 6-2 (Figure 6.1), which have 

















Figure 6.1 Molecular design and structures of dyes 6-1 and 6-2. 
 
As shown in Figure 6.1, the molecular design is based on the following 
considerations: (1) Perylene monoimide-fused porphyrins exhibit intensified NIR 
absorptions, large dipole moments, and high photostability as reported in our 
recent studies,8h thus providing an extraordinary molecular platform for 
applications in DSCs. Nevertheless, appropriate structural modifications are 
necessary for such a purpose. (2) Anhydride serves as an anchoring group,11 
which can be obtained by saponification of imide group in the presence of a strong 
base. In addition, the electron-withdrawing anhydride moiety is able to stabilize 
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the highly conjugated low band gap π-system,8h leading to stable NIR dyes for 
practical DSCs application. (3) In the design of the large-sized, rigid molecules 
6-1 and 6-2, bulky 3,5-di-tert-butylphenyl groups were chosen as substituents 
because such bulky groups not only surmounts the solubility problem but also 
eliminate the aggregation of the chromophores.8e-8g (4) Introduction of an 
electron-donating 4-(dimethylamino)-phenylethynylene onto the meso-position of 
porphyrin in 6-2 is supposed to result in a more red-shifted NIR absorption due to 
the enhanced intramolecular charge transfer and this is also beneficial to a fast 
electron injection from the excited dye to the conduction band of TiO2 in DSCs.3c 
 






















































































































Scheme 6.1 Synthesis of perylene anhydride-fused porphyrins 
 
Scheme 6.1 outlines the synthetic route for compounds 6-1 and 6-2. The 
synthesis commenced with the preparation of the precursor 6-5, which was 
synthesized by Suzuki coupling of porphyrin boronic ester 6-312 and perylene 
monoimide 6-413 followed by demetallation and Ni(II)-metallation. Intramolecular 
cyclization reaction of 6-5 promoted by FeCl3 then generated a purple solid as a 
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mixture containing unseparable chlorinated side products, which was directly 
converted to their corresponding anhydrides without purification. Separation of 
6-1 from other side products was successful after saponification of 6-6 with an 
overall yield of 63% for three steps based on 6-5. Preparation of electron-donating 
4-(dimethylamino) phenylethynylene-substituted 6-2 followed a slightly revised 
procedure. The key intermediate 6-10 was first prepared by sequential Miyaura 
reaction, Suzuki coupling, bromination and trans-metallation. In common with the 
synthesis of 6-6, FeCl3-promoted oxidative dehydrogenation of 6-10 afforded 
fused 6-11 together with some chlorinated side products. The presence of bromine 
atom in 6-11 allowed further functionalization and the incorporation of an electron 
donating 4-(dimethylamino)phenylethynylene group was carried out at this stage 
by Sonogashira-Hagihara coupling reaction to generate “push-pull” type molecule 
6-13, which finally underwent saponification to give target molecule 6-2 with an 
overall yield of 17% for four steps based on 6-10. 

















Figure 6.2 UV-vis-NIR absorption spectra of 6-1 and 6-2 in CHCl3 (8.0 x 10-6 M) 
 
  175
The absorption spectra of both 6-1 and 6-2 cover the entire visible and a part 
of the NIR spectral region (Figure 6.2). The absorption maximum of 6-1 was 
found at 805 nm (ε = 89000 M-1cm-1), while a further red-shift of 42 nm was 
observed for 6-2 (ε = 81000 M-1cm-1) owing to enhanced intramolecular charge 
transfer. Nearly no fluorescences were observed for 6-1 and 6-2 in chloroform, 
which is common for Ni(II)-porphyrins. In addition, other factors such as 
aggregation and photo-induced intramolecular charge transfer from porphyrin to 
perylene anhydride can also decrease the fluorescence quantum yield.  











Figure 6.3 Cyclic voltammograms (CV) and differential pulse voltammograms (DPV) of 
compounds 6-1 and 6-2 in DCM with 0.1 M Bu4NPF6 as supporting electrolyte, AgCl/Ag 
as reference electrode, Au disk as working electrode, Pt wire as counter electrode, and 










Eox1   Eox2    Eox3    Eox4 
(V)   (V)   (V)   (V) 
Ered1  Ered2 
(V)  (V) 
HOMO LUMO  Ega  
Egb 
(eV)  (eV)  (eV)(eV) 




0.29  0.45  0.73  0.83  -0.94 -1.04 -5.04, -3.92, 1.12, 1.42 
6-2 847, 569, 
459 
81,000 0.15  0.25  1.02    - -0.94 -1.05 -4.89, -3.93, 0.94, 1.31 
Table 6.1 Summary of optical and electrochemical properties of compounds 6-1 and 6-2. 
Eoxn and Eredn are half-wave potentials for respective redox waves with Fc/Fc+ as reference. 
HOMO and LUMO energy levels were calculated from the onset of the first oxidation 
and reduction waves according to equations: HOMO = - (4.8 + Eoxonset) and LUMO = - 
(4.8 + Eredonset). a) Obtained from cyclic voltammograms. b) Obtained from the low 
energy absorption onset in the absorption spectra.  
 
Electrochemical properties of 6-1 and 6-2 were investigated by cyclic 
voltammetry in deoxygenated DCM solution containing 0.1 M 
tetra-n-butylammonium hexafluorophosphate as supporting electrolyte (Table 6.1 
and Figure 6.3). Compound 6-1 exhibited four reversible oxidation waves with 
half-wave potentials at 0.29, 0.45, 0.73 and 0.83 V (versus Fc+/Fc), whereas three 
reversible or quasireversible oxidative waves were observed with half-wave 
potentials potentials at 0.15, 0.25 and 1.02 V for 6-2; these are distinguishable by 
differential-pulse voltammetry (DPV). Furthermore, two reversible reduction 
waves were found for both 6-1 and 6-2 with half-wave potentials at -0.94 and 
-1.04 V for 6-1 and at -0.94 and -1.05 V for 6-2, indicating that they can be 
reduced into the corresponding radical anions and dianions, which can also be 
stabilized by the delocalized π-system. HOMO energy levels of -5.04 and -4.89 
eV, and LUMO energy levels of -3.92 and -3.93 eV were estimated for 6-1 and 
6-2, respectively.14 Energy gaps of 1.12 eV for 6-1 and 0.94 eV for 6-2 were then 
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calculated, and this trend is in agreement with their optical band gaps (1.42 eV for 
6-1 and 1.31 eV for 6-2). 
 
Figure 6.4 Frontier molecular orbital profiles of compounds 6-1 and 6.2.  
 
To gain better insight into the molecular geometries, molecular orbitals, and 
UV-vis-NIR absorption spectra of 6-1 and 6-2, time-dependent density function 
theory (TDDFT at B3LYP/6-31G**) calculations were performed and the 
optimized molecular structures and frontier molecular orbital profiles were shown 
in Figure 6.4. The HOMO for both 6-1 and 6-2 are delocalized throughout the 
highly conjugated backbone as well as the terminal amino group. In contrast, the 
LUMO for 6-1 and 6-2 are predominately located at the perylene anhydride motif. 
Such orbital partitions are undoubtedly beneficial for electron injection and 
overall photovoltaic performance. The calculations also predict that 6-1 and 6-2 
will show absorption maxima at 759 and 849 nm, respectively, which are in good 
agreement with the experimental data. 
  178




































 compound 6-1/AM 1.5G
 compound 6-1/Dark




Figure 6.5 (A) IPCE spectra of the devices sensitized by 6-1 and 6-2. (B) J-V curves of 
DSCs based on 6-1 and 6-2 at an irradiation of 100 mW cm-2 AM1.5G Sunlight.16 
 
The DSC devices applying 6-1 and 6-2 as NIR sensitizers were constructed 
and characterized (see experimental section experimental details). As shown in 
Figure 6.5A, the preliminary investigation of the incident monochromatic 
photon-to-current conversion efficiency (IPCE) revealed that IPCE spectra 
reached the highest values of 31.4% at 772 nm for 6-1 and 29.7% at 790 nm for 
6-2, respectively. In common with their absorption spectra, IPCE curves for both 
6-1 and 6-2 not only exhibit panchromatic responses, but also extend the 
photovoltaic performance to the NIR region. Noteworthy is that dye 6-2 displays 
an IPCE response as long as 1000 nm, which is one of the furthest red-shifted 
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responses reported for ruthenium-free DSCs. The characteristic current 
density-voltage (J-V) curve measured under irradiation of AM 1.5 G full sunlight 
(Figure 4B) provides a short-circuit current density (Jsc) of 7.11 mA/cm2, an 
open-circuit voltage (Voc) of 329 mV, and a fill factor (FF) of 0.54, yielding the 
overall power conversion efficiency (η) of 1.26% for a DSC device based on 6-1. 
For comparison, photovoltaic parameters (Jsc, Voc, FF, and η) of 6-2 are 7.66 
mA/cm2, 333 mV, 0.52, and 1.36%, respectively. The results demonstrate that the 
attachment of electron-donating amino groups onto the π-conjugation system for 
6-2 slightly increases the Jsc, but has no positive effect on Voc and FF. The 
moderate efficiencies of NIR dyes 6-1 and 6-2 perhaps is attributed to the 
following reasons: (1) The LUMO energy levels of 6-1 and 6-2 are very close to 
the conduction band edge of TiO2, thus leading to insufficient driving force for 
electron injection. (2) Depite the introduction of bulky groups, dyes 6-1 and 6-2 
still have strong tendency to form aggregates, reflected by their broad 1H NMR 
spectra recorded at room temperature. It is commonly believed that aggregation of 
dyes reults in nonradiative decay of dyes from the excited state to the ground state. 
Excitons, therefore, are readily trapped or quenched by aggregate states, which 
eventually reduces photocurrent densities. (3) The short lifetime of the excited 
states of the dyes possibably decreases the device performance, because short 




In summary, a new strategy for designing NIR dyes for DSCs by fusing an 
electron-rich porphyrin unit to the perylene anhydride core was demonstrated. 
Based on dyes 6-1 and 6-2, broader IPCE spectra have been achieved, covering 
the entire visible range extending into the NIR region up to 1000 nm. Although 
these NIR dyes displayed moderate efficiencies, the enhanced light harvesting 
properties in the NIR region provide possibilities for further improvement of 
overall DSC efficiency of ruthenium-free sensitizers with panchromatic and 
particularly NIR response. Further structural optimization, such as reducing the 
aggregation and tuning the energy levels, is very likely to generate more efficient 
sensitizers. 
 
6.4 Experimental section 
6.4.1 General 
  All reagents were purchased from commercial suppliers and used as received 
without further purification. Anhydrous dichloromethane (DCM) and N, 
N-dimethylformaldehyde (DMF) were distilled from CaH2. Anhydrous toluene 
and THF were distilled from sodium-benzophenone immediately prior to use. The 
1H NMR and 13C NMR spectra were recorded in solution of CDCl3 or C6D6 on 
Bruker DPX 300 or DRX 500 NMR spectrometer with tetramethylsilane (TMS) 
as the internal standard. The chemical shift was recorded in ppm and the following 
abbreviations were used to explain the multiplicities: s = singlet, d = doublet, m = 
multiplet, br = broad. MALDI-TOF mass spectra were measured on a Bruker 
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Autoflex MALDI-TOF instrument using 1,8,9-trihydroxyanthracene as a matrix. 
EI mass spectra were recorded on Agilent 5975C DIP/MS mass spectrometer. 
Elemental analyses (C, H, N) were performed on a Vario EL Elementar 
(Elementar Analyzen-systeme, Hanau, Germany). UV-vis absorption was recorded 
on Shimadzu UV-1700 spectrometer. The solvents used for UV-vis and PL 
measurements are of HPLC grade (Merck). The electrochemical measurements 
were carried out in anhydrous DCM with 0.1 M tetrabutylammonium 
hexafluorophosphate (Bu4NPF6) as the supporting electrolyte at a scan rate of 0.02 
V/s at room temperature under the protection of nitrogen. A gold disk was used as 
working electrode, platinum wire was used as counter electrode, and Ag/AgCl 
(3M KCl solution) was used as reference electrode.  
 
6.4.2 Detailed synthetic procedures and characterization data 
   The building blocks 6-312, 6-413 and 6-78f were synthesized by following 











Porphyrin 6-3 (106 mg, 0.1 mmol), perylene 6-4 (56 mg, 0.1 mmol), Pd(PPh3)4 
(12 mg, 0.01 mmol), and Cs2CO3 (65 mg, 0.2 mmol) were dried under vacuum 
and then purged with argon. To this were added degassed toluene (10 mL) and 
DMF (5 mL), and the mixture was stirred at 96 oC for 36 h. After cooling, water 
was added and the product was extracted with ethyl acetate (3 x 20 mL). The 
organic layer was washed with saturated brine and dried over anhydrous Na2SO4. 
The solvent was removed under vacuum, and the residue was purified by column 
chromatography (silica gel, toluene/ether, 100:1) to give a purple solid product 
(120 mg). This purple product was then dissolved in DCM (10 mL), and TFA (4 
mL) was added slowly. The mixture was stirred at room temperature for 6 h. After 
cooling with ice bath, the reaction mixture was added slowly into saturated 
Na2CO3 solution and extracted with DCM (3 x 20 mL). The organic layer was 
washed with brine and water and dried over anhydrous Na2SO4. After removing 
the solvents, the residue was dissolved in toluene (10 mL), and Ni(acac)2 (200 mg) 
was added slowly. The mixture was stirred for 30 h under reflux condition. After 
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removal of the solvent, the crude product was purified by column chromatography 
(silica gel, toluene/ether, 100:1) to give a purple solid product 6-5 (112 mg, 79% 
in three steps based on 6-4). 1H NMR (CDCl3, 500 MHz) δ: 8.79-8.86 (m, 7H), 
8.75-8.77 (m, 2H), 8.62 (d, J = 5.1 Hz, 2H), 8.59 (d, J = 8.2 Hz, 1H), 8.50 (d, J = 
7.6 Hz, 1H), 8.42 (d, J = 7.6 Hz, 1H), 7.93 (br, 6H), 7.77 (s, 2H), 7.74 (s, 4H), 
7.52-7.55 (m, 1H), 7.40 (d, J = 7.6 Hz, 2H), 7.26-7.27 (m, 1H), 7.19 (d, J = 8.8 Hz, 
1H), 2.84-2.89 (m, 2H), 1.57 (s, 18), 1.49-1.51 (m, 36H), 1.25-1.27 (m, 12H) ppm. 
13C NMR (CDCl3, 125 MHz), δ: 164.1, 149.0, 145.8, 143.2, 142.9, 142.73, 142.70, 
141.7, 139.9, 139.8, 139.3, 137.9, 133.1, 133.0, 132.6, 132.5, 132.2, 131.7, 131.5, 
130.9, 129.6, 129.5, 128.81, 128.76, 128.7, 127.6, 127.1, 124.0, 123.8, 123.5, 
122.2, 121.3, 121.2, 120.5, 115.9, 114.1, 35.01, 34.99, 31.69, 31.67, 29.7, 24.1. 
ppm anal. calcd for C96H97N5NiO2: C, 81.69; H, 6.93; N, 4.96; Ni, 4.16; O, 2.27. 
found C 81.75, H 7.03, N 4.29. MS (MALDI-TOF): m/z = 1409.526 (M)+; calcd. 











To a solution of 6-5 (100 mg, 0.07 mmol) in degassed anhydrous DCM (20 mL) 
was added a solution of FeCl3 (92 mg, 0.57 mmol) in nitromethane (0.6 mL). The 
reaction mixture was stirred at room temperature for 5 h and quenched by addition 
of a saturated NaHCO3 solution. The organic layer was washed with saturated 
brine and dried over anhydrous Na2SO4. The solvent was removed under vacuum, 
and the residue was purified by column chromatography (silica gel, toluene/ether 
= 100:1) to give a purple solid product 6-6 contaminated with unreacted 6-5 and 
chlorinated side products (88 mg). A mixture of this purple solid (88 mg), 
potassium hydroxide (196 mg, 3.5 mmol) and tert-butanol (15 mL) was stirred 
and refluxed for 2 hours. After the reaction mixture was cooled to 40 oC, 20 mL of 
acetic acid was added to the reaction mixture. The solution was stirred at 40 oC for 
2 h. The precipitate was dried and purified by column chromatography (silica gel, 
toluene: ether = 50:1) to give the purple solid product 6-1 (56 mg, 63% in three 
steps based on 6-5). 1H NMR (C6D6, 500 MHz, 75 oC) δ: 9.32 (s, 1H), 9.14 (d, J = 
4.6 Hz, 1H), 9.11 (d, J = 4.9 Hz, 1H), 8.80-8.84 (m, 3H), 8.74 (d, J = 5.1 Hz, 1H), 
8.27 (s, 2H), 7.95-8.20 (m, 13H), 7.77 (d, J = 8.3 Hz, 1H), 7.74 (d, J = 7.8 Hz, 
1H), 1.63 (s, 18H), 1.58 (s, 18H), 1.53 (s, 18H) ppm. It is hard to obtain the 13C 
NMR spectrum of 6-2 due to its low solubility. anal. calcd for C84H78N4 Ni O3: C, 
80.70; H, 6.29; N, 4.48; Ni, 4.69; O, 3.84. found C 80.82, H 6.47, N 4.65. MS 










Compound 6-7 (766 mg, 1 mmol) was dissolved in CHCl3 (30 mL), and a 
saturated solution of Zn(OAc)2 in methanol (20 mL) was added slowly. The 
mixture was stirred at 50 °C for 3 hours. After removal of the solvents, the crude 
product was purified by column chromatography (silica gel, hexane: DCM = 3:1) 
to give a red solid product. A 50 mL Schlenk flask was charged with this red solid 
(830 mg, 1 mmol), pinacolborane (512 mg, 4 mmol), triethylamine (0.83 mL, 6 
mmol), PdCl2(PPh3)2 (40 mg, 0.05 mmol) and 1,2-dichloroethane (20 mL) under 
argon. The reaction mixture was stirred at 90 °C under nitrogen atmosphere for 3 
hours. After removal of solvent, the crude product was purified by column 
chromatography (silica gel, hexane: DCM = 2:1) to give the red solid product 6-8 
(810 mg, 92% in two steps based on 6-7). 1H NMR (CDCl3, 500 MHz) δ: 10.32 (s, 
1H), 9.95 (d, J = 4.5 Hz, 2H), 9.43 (d, J = 4.5 Hz, 2H), 9.17 (d, J = 4.4 Hz, 2H), 
9.15 (d, J = 4.5 Hz, 2H), 8.12 (d, J = 1.9 Hz, 4H), 7.84-7.85 (m, 2H), 1.87 (s, 
12H), 1.58 (s, 36H) ppm. 13C NMR (CDCl3, 75 MHz), δ: 153.8, 150.6, 150.2, 
148.9, 148.6, 141.8, 133.2, 132.5, 132.4, 131.7, 129.8, 121.8, 120.8, 120.7, 107.1, 
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85.2, 35.1, 31.8, 25.4 ppm. anal. calcd for C54H63BN4O2Zn: C, 74.01; H, 7.25; B, 
1.23; N, 6.39; O, 3.65; Zn, 7.46. found C 74.22, H 7.44 N 6.46. MS (EI): m/z = 










Porphyrin 6-5 (438 mg, 0.5 mmol), perylene 6-4 (280 mg, 0.5 mmol), Pd(PPh3)4 
(30 mg, 0.025 mmol), and Cs2CO3 (325 mg, 1 mmol) were dried under vacuum 
and then purged with argon. To this were added degassed toluene (40 mL) and 
DMF (20 mL), and the mixture was stirred at 96 oC for 36 h. After cooling, water 
was added and the product was extracted with ethyl acetate (3 x 40 mL). The 
organic layer was washed with saturated brine and dried over anhydrous Na2SO4. 
The solvent was removed under vacuum and the residue was purified by column 
chromatography (silica gel, DCM/hexane, 1:1) to give a red, waxy solid product 
6-9 (504 mg, 82%). 1H NMR (CDCl3, 300 MHz) δ: 10.36 (s, 1H), 9.49 (d, J = 4.6 
Hz, 2H), 9.22 (d, J = 4.6 Hz, 2H), 9.04 (d, J = 4.8 Hz, 2H), 8.78 (d, J = 4.8 Hz, 
2H), 8.71 (d, J = 7.2 Hz, 1H), 8.69 (d, J = 7.6 Hz, 1H), 8.56 (d, J = 7.4 Hz, 1H), 
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8.48 (d, J = 8.7 Hz, 1H), 8.33-8.37 (m, 2H), 8.14-8.20 (m, 5H), 7.84 (s, 2H), 
7.52-7.57 (m, 1H), 7.41 (d, J = 7.6 Hz, 2H), 7.23 (d, J = 8.4 Hz, 1H), 7.01-7.07 (m, 
1H), 2.84-2.93 (m, 2H), 1.56 (s, 18H), 1.55 (s, 18H), 1.26-1.28 (m, 12H) ppm. 13C 
NMR (CDCl3, 75 MHz), δ: 164.1, 150.8, 150.3, 149.9, 149.8, 148.7, 145.8, 143.6, 
141.4, 137.8, 137.7, 133.6, 133.1, 132.8, 132.2, 132.1, 131.9, 131.4, 131.1, 130.6, 
129.9, 129.8, 129.4, 129.1, 128.8, 127.3, 127.0, 126.8, 124.0, 123.5, 122.3, 121.8, 
121.0, 120.9, 120.4, 120.3, 116.8, 106.5, 35.0, 31.7, 29.1, 24.0 ppm. anal. calcd 
for C82H77N5O2Zn: C, 80.08; H, 6.31; N, 5.69; O, 2.60; Zn, 5.32. found C 80.36, 











NBS (71 mg, 0.40 mmol) was added to a solution of 6-9 (480 mg, 0.391 mmol) in 
degassed CHCl3 (20 mL) and the mixture was stirred for 20 min under a N2 
atmosphere at 0 °C in the dark. The reaction mixture was poured into water and 
extracted with CHCl3 (3 x 30 mL). The organic layer was washed with brine and 
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water and dried over anhydrous Na2SO4. The solvent was removed under vacuum 
to afford a crude product (510 mg) as a brown solid. The crude product was then 
dissolved in DCM (20 mL) and TFA (8 mL) was added slowly. The mixture was 
stirred at room temperature for 6 h. After cooling with ice bath, the reaction 
mixture was added slowly into saturated Na2CO3 solution and extracted with 
DCM (3 x 40 mL). The organic layer was washed with brine and water and dried 
over anhydrous Na2SO4. After removing the solvents, the residue was dissolved in 
toluene (30 mL), and Ni(acac)2 (600 mg) was added slowly. The mixture was 
stirred for 30 h under reflux condition. After removal of the solvent, the crude 
product was purified by column chromatography (silica gel, hexane/DCM, 1:1) to 
give a purple solid product 6-10 (411 mg, 81% in three steps based on 6-9). 1H 
NMR (CDCl3, 300 MHz) δ: 9.57 (d, J = 4.8 Hz, 2H), 8.87 (d, J = 4.9 Hz, 2H), 
8.71-8.80 (m, 5H), 8.64 (d, J = 8.0 Hz, 1H), 8.55 (d, J = 4.8 Hz, 2H), 8.49 (d, J = 
7.9 Hz, 1H), 8.38 (d, J = 7.2 Hz, 1H), 8.27 (d, J = 7.6 Hz, 1H), 7.75-7.86 (m, 6H), 
7.49-7.54 (m, 1H), 7.39 (d, J = 7.6 Hz, 2H), 7.14-7.20 (m, 1H), 7.09 (d, J = 8.2 Hz, 
1H), 2.80-2.89 (m, 2H), 1.48 (s, 36H), 1.24 (d, J = 5.8 Hz, 12H) ppm. 13C NMR 
(CDCl3, 75 MHz), δ: 164.0, 149.1, 145.7, 143.7, 143.1, 143.0, 142.4, 141.0, 139.3, 
137.6, 137.5, 136.8, 133.7, 133.4, 133.2, 132.9, 132.1, 132.0, 131.3, 131.0, 130.6, 
129.6, 129.4, 129.0, 128.8, 127.5, 127.1, 124.0, 123.7, 122.1, 121.3, 121.2, 121.1, 
120.6, 120.4, 115.2, 102.8, 34.9, 31.6, 29.1, 24.0 ppm. anal. calcd for 
C82H76BrN5NiO2: C, 75.64; H, 5.88; Br, 6.14; N, 5.38; Ni, 4.51; O, 2.46. found C 













To a solution of 6-10 (260 mg, 0.2 mmol) in degassed anhydrous DCM (30 mL) 
was added a solution of FeCl3 (325 mg, 2 mmol) in nitromethane (2 mL). The 
reaction mixture was stirred at room temperature for 3 h and quenched by addition 
of a saturated NaHCO3 solution. The organic layer was washed with saturated 
brine and dried over anhydrous Na2SO4. The solvent was removed under vacuum, 
and the residue was purified by column chromatography (silica gel, toluene/ether, 
100:1) to give a purple solid product 6-11 contaminated with unreacted 6-10 and 
chlorinated side products (240 mg). A 50 mL Schlenk flask was charged with this 
purple solid (240 mg), acetylene 6-12 (80 mg, 0.55 mmol), CuI (7 mg, 0.04 mmol), 
PdCl2(PPh3)2 (14 mg, 0.02 mmol), PPh3 (26 mg, 1 mmol), Et3N (4 mL) and THF 
(20 mL) under argon. The reaction mixture was stirred at 68 °C for 24 hours. 
After removal of the solvents, the crude product was purified by column 
chromatography (silica gel, toluene: ether = 100:1) to give the purple solid 
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product 6-13 contaminated with chlorinated compounds (186 mg). A mixture of 
this purple solid (186 mg), potassium hydroxide (560 mg, 10 mmol) and 
tert-butanol (30 mL) was stirred and refluxed for 2 hours. After the reaction 
mixture was cooled to 40 oC, 20 mL of acetic acid was added to the reaction 
mixture. The solution was stirred at 40 oC for 2 h. The precipitate was dried and 
purified by column chromatography (silica gel, toluene: ether = 50:1) to give the 
purple solid product 6-2 (40 mg, 17% in four steps based on 6-10). 1H NMR 
(C6D6, 500 MHz, 75 oC) δ: 9.24 (d, J = 4.6 Hz, 1H), 9.18 (d, J = 4.9 Hz, 1H), 9.15 
(s, 1H), 8.95-9.00 (m, 2H), 8.86 (d, J = 4.9 Hz, 1H), 8.76 (d, J = 4.9 Hz, 1H), 8.30 
(s, 2H), 8.20 (s, 2H), 8.02-8.11 (m, 6H), 7.87-7.94 (m, 2H), 7.70 (d, J = 8.3 Hz, 
2H), 7.63-7.73 (m, 2H), 6.75 (d, J = 8.2 Hz, 2H), 2.71 (s, 6H), 1.69 (s, 18H), 1.61 
(s, 18H) ppm. It is hard to obtain the 13C NMR spectrum of 6-2 due to its low 
solubility. anal. calcd for C80H67N5NiO3: C, 79.73; H, 5.60; N, 5.81; Ni, 4.87; O, 
3.98. found C 79.96, H 5.84, N 5.78. MS (MALDI-TOF): m/z = 1203.390 (M)+; 
calcd. for C80H67N5NiO3: 1203.460. 
 
6.4.3 Device fabrication and characterization 
Cell Fabrication: A bilayer titania film was employed as the negative electrode of 
DSCs. On a precleaned FTO conducting glass electrode (TEC 15 Ω/□, 
Libbey-Owens-Ford Industries, 2.2 mm thick), a 7-μm-thick transparent layer 
consisting of 23-nm-sized titania particles was first screen-printed and further 
coated by a 6-μm-thick second layer of scattering titania particles (WERO-2, 
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Dyesol). The film thickness was examined with a bench-top Ambios XP-1 stylus 
profilometer. The preparation procedures of TiO2 nanocrystals, paste for 
screen-printing, and nanostructured TiO2 film were reported in a previous paper.17 
A titania electrode (~0.28 cm2) was stained by immersing it into a chlorobenzene 
solution containing 150 mM dye and 600 mM 3a,7a-dihyroxy-5b-cholic acid 
(cheno) coadsorbent for 9 h. After washing with chlorobenzene and drying by air 
flow, the dye-coated titania electrode was assembled with a thermally platinized 
FTO positive electrode possessing an electrolyte-perfusion hole, which was 
beforehand produced with a sand-blasting drill. The two electrodes were separated 
by a 30-mm-thick Bynel (DuPont) hot-melt gasket. The internal space was 
perfused with a liquid electrolyte with the aid of a vacuum back filling system. 
The hole on the positive electrode was closed hermetically with a Bynel sheet and 
a thin glass cover by heating. The electrolyte is composed of 1.0 M LiI and 20 
mM I2 in acetonitrile. Ultimately, the hole on the positive electrode was closed 
hermetically with a Bynel sheet and a thin glass cover by heating. 
 
Photovoltaic characterization: A Keithley 2400 source meter and a Zolix 
Omni-l300 monochromator equipped with a 500 W xenon lamp were used for 
photocurrent action spectrum measurements, with a wavelength sampling interval 
of 10 nm and a current sampling time of 2 s under the full computer control. 
Monochromatic incident photon-to-collected electron conversion efficiency (IPCE) 
is defined by IPCE(l)=hcJsc/efl, where h is the Planck constant, c is the light 
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speed in vacuum, e is the electronic charge, l is the wavelength, Jsc is the 
short-circuit photocurrent density and f is the incident radiative flux. A 
Hamamatsu S1337-1010BQ silicon diode used for IPCE measurements was 
calibrated in National Institute of Metrology, China. A model 
LS1000-4S-AM1.5G-1000W solar simulator (Solar Light Company, USA) in 
combination with a metal mesh was employed to give an irradiance of 100 mW 
cm-2. The light intensity was tested with a PMA2144 pyranometer and a 
calibrated PMA 2100 dose control system. Current-voltage (J-V) characteristics 
were obtained by applying a bias potential to a testing cell and measuring 
photocurrent with a Keithley 2602 source meter under the full computer control. 
The measurements were fully automated using Labview 8.0. A metal mask with an 
aperture area of 0.158 cm2 was covered on a testing cell during all measurements. 
An antireflection film (l<380 nm, ARKTOP, ASAHI Glass) was adhered to the 
DSC photoanode during IPCE and J-V measurements. The short-circuit 
photocurrent densities measured under this solar simulator are well consistent with 
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Chapter 7 Conclusions and future research 
 
7.1 Summary of results 
The overall objective of this thesis was to design and synthesize soluble and 
stable precursors, and to develop effective methods to fuse these precursors 
together or introduce other functional groups for the purpose of obtaining novel 
NIR dyes for material applications. It was found that perylene, porphyrin and 
BODIPY units could be utilized by chemical modifications. Numerous π-extended 
molecules with varied physical and optical properties have been successfully 
synthesized by using “push-pull” and fusion strategies. 
Initial attempts to achieve dyes with long-wavelength absorption were made 
based on a “push-pull” strategy using N-annulated perylene backbone. It was 
found that several electron-withdrawing groups can be introduced to the 
electron-rich N-annulated perylene core linked by one or two double bonds as 
conjugation bridges. All newly synthesized dyes 2-1 to 2-4 displayed longer 
absorption behaviors with respect to unmodified N-annulated perylene. They also 
showed slight to moderate emission solvatochromism that is reflected by a 
bathochromic shift of their fluorescence emission maxima upon increasing the 
solvent polarity. The relatively low degree of the solvatochromism indicates weak 
to moderate degree of charge transfer from the central part to the molecular 
terminal. As a result, the longest absorption maximum achieved by the means of 
“push-pull” strategy was only around 620 nm. This limitation stimulates us to 
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investigate more efficient methods such as core extension to obtain NIR dyes with 
superior absorption and emission behaviors. 
In subsequent studies, bis-N-annulated quaterrylenes, the higher homologues 
of N-annulated perylene, were prepared by rational design of building blocks and 
synthetic methods for ring closure. These bis-N-annulated quaterrylene derivatives 
showed remarkable properties such as excellent solubility, high molar absorptivity, 
NIR absorption and emission, and high fluorescence quantum yield. In particular, 
the attachment of electron-withdrawing groups was found to be effective to 
stabilize the highly electron-rich bis-N-annulated quaterrylene core, and dye 3-1 
thus exhibited extraordinary photostability in comparison with the electron-rich 
analogue 3-2. This finding is of great significance as it represents the first example 
in which such excellent photostability is accessible for NIR emission dyes based 
on fused polycyclic aromatic system. In addition, we also found that the quantum 
yield of quaterrylenebis(dicarboximides) is dependent on the number of the 
aliphatic chains which are directly linked to nitrogen atom fused in the bay 
position. 
Core extension was further applied for fusing the perylene subunit to the 
porphyrin core. Taking advantage of oxidative dehydrogenation, both 
electron-rich N-annulated perylene and electron-deficient perylene monoimide 
were successfully fused to the porphyrin core for the first time to form compounds 
4-1, 4-2, 4-14 and 4-15 with varied connectivities and dipole moments. These 
variations definitely lead to tunable NIR absorption/emission, and different 
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electrochemical behavior and photostability. Noteworthy is the synthesis of both 
doubly and triply linked porphyrin-perylene monoimides 4-14 and 4-15 in one-pot 
reaction, which demonstrates for the first time that not only the peri-positions but 
also the meta-position of perylene monoimide can be involved in the 
cyclodehydrogenation to form a highly π-conjugated system. Such an unusual 
multiple C-C bond formation could be attributed to the high reactivity of the 
Ni-porphyrin at the β-positions and the refluxing reaction conditions. Compared 
with other fused porphyrin system, the dye 4-1 showed higher fluorescence 
quantum yield of up to 5%, which is normally not easy to achieve for 
porphyrin-based materials. More importantly, the dyes 4-14 and 4-15 displayed 
intensified NIR absorption and possessed an intramolecular “push-pull” structure, 
which meets the demand of dyes for high performance dye-sensitized solar cells. 
In pursuit of stable NIR dyes based on polycyclic aromatic compounds, 
BODIPY stands out as a candidate due to its unusual and remarkable properties, 
such as high fluorescence quantum yield, large molar extinction coefficients, 
outstanding chemical, thermal and photochemical inertness. This thesis 
demonstrated for the first time that fusion of polycyclic aromatic compounds (i.e. 
perylene, porphyrin) onto the zig-zag edge (i.e., meso- and β-positions) of a 
BODIPY core resulted in a series of fused BODIPY derivatives 5-1b, 5-9 and 
5-10 as NIR dyes. Use of the bulky groups on both polycyclic aromatic 
compounds and the BODIPY moiety was found to be crucial for the purpose of 
suppressing aggregation. It is worth noting that bis-BODIPY fused porphyrin 5-10 
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possessed NIR absorption that is deep beyond 1000 nm, which is the longest NIR 
absorption maximum ever observed for all BODIPY derivatives. Also noteworthy 
is that the fused BODIPY dyes exhibited excellent photostability, which is 
important for practical applications. Although the photoluminescence quantum 
yield was relatively low in the case of dye 5-1b, our approach opens opportunities 
to prepare a series of new active aromatic unit-fused BODIPY dyes with tunable 
NIR absorption and emission. 
 Preliminary studies on the dye-sensitized solar cells using NIR dyes were 
carried out. Based on perylene anhydride fused porphyrin NIR dyes 6-1 and 6-2 
broader IPCE spectra have been achieved, covering the entire visible range 
extending into the NIR region up to 1000 nm. Although these NIR dyes displayed 
moderate efficiencies, the enhanced light harvesting properties in the NIR region 
provide possibilities for further improvement of overall DSC efficiency of 
ruthenium-free sensitizers with panchromatic and particularly NIR response. 
Further structural optimization, such as reducing the aggregation and tuning the 
energy levels, is very likely to generate more efficient sensitizers. 
 
7.2 Future research 
 Despite encouraging achievements in this thesis, preparation of stable NIR 
dyes based on polycyclic aromatic compounds still suffers from limitations such 
as synthetic challenges to obtain higher homologues with absorption beyond 1000 
nm. Synthesis in some cases is also restricted by the multiple steps and overall 
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low yields, which limit their practical applications. Therefore, there is an urgent 
need to find an efficient way to attain fused polycyclic aromatic compounds based 
NIR dyes, particularly the dye with absorption longer than 1000 nm, by 
state-of-the-art chemistry. 
The current application using NIR dyes in this thesis is confined to 
dye-sensitized solar cells, and applying these dyes in other fields has less been 
investigated. Considering the rising interest of using NIR dyes for bioimaging, 
part of attention should be turned towards tuning the water solubility of our 
synthesized NIR dyes and preserving their fluorescence in water, and considerable 
efforts should go into the systematic modification of their architectures to endow 
them with appropriate qualifications. 
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Appendix: NMR spectra of all new compounds and MALDI-TOF spectra of 
target molecules 









































































































































































































































































Variable temperature 1H NMR of compound 2-4 in CDCl2CDCl2 
 
Temperature-dependent 1H NMR spectra of compound 2-4 in C2D2Cl4 
solution were recorded. All the resonances at the aromatic region were shifted 
downfield and became distinct and sharp upon increasing the temperature from 
313 K, 343 K to 373 K. Particularly, the peak assigned to the protons f shifted 
downfield by approximately Δδ = 0.15 ppm when the temperature increased from 
313 K to 373 K, indicating compound 2-4 have a high tendency to aggregate in 
solution. Such a conclusion was supported by the UV-vis absorption spectrum of 
2-4 in cyclohexane. 
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Aromatic region of 1H NMR and H-H COSY-NMR spectra of 4-14 (500MHz, 
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Aromatic region of 1H NMR and H-H NOESY-NMR spectra of 4-15 (500 MHz, 
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Aromatic region of 1H NMR and H-H CSOY-NMR spectra of 5-1b (500 MHz, 
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Comparison of 1H NMR spectrum of 5-10 in CDCl2CDCl2 (1) with 1H NMR 
spectrum of 5-10 in [D8]THF (2). 
     
Comparison of 1H NMR spectrum of compound 5-10 in CDCl2CDCl2 with 
that in [D8]THF reveals upfield shifts of all the aromatic protons. In particular, the 
edge protons of porphyrin significantly upfield shift from 10.82 ppm in [D8]THF 
to 5.67 ppm in CDCl2CDCl2. This can be explained by the fact that aggregation of 
polycyclic aromatic compounds can lead to upfield-shifts of their aromatic protons 
due to shielding effect and this aggregation can be alleviated in some solvent such 
as THF. Very sharp peaks were still obtained in ordinary solvents without 
coordination additives, which reflects the effect of bulky groups on suppression of 


























































































































































































































































































H-H COSY-NMR spectra of compound 6-2 (C6D6, 500 MHz, 75 oC) 
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MALDI-TOF mass spectra of target molecules  
 Compound 2-1 
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